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Editorial on the Research Topic

Women in terrestrial microbiology: 2022

Although we have been discussing gender equality for many decades, in 2023 we have

not yet reached it. When looking at science, and especially STEM (science, technology,

engineering, and mathematics) research, it is clear that more efforts are needed to achieve

gender equality. Women are still underrepresented in STEM research fields, with only 30%

of the world’s researchers being women, according to the UNESCO Institute for Statistics.

Higher dropout rates, resulting in shorter academic careers, are common for women (Huang

et al., 2020). While the share of female authors in scientific publications has increased over

the last few decades (Huang et al., 2020; Sarabi and Smith, 2023), male authors still dominate

the publishing landscape, and even when male and female authors have contributed equally

to a publication (i.e., shared first authorship), it is more common to see the male author’s

name mentioned before the female author’s (Broderick and Casadevall, 2019). Women are

overall less likely to receive credit for their work than their male counterparts, as male

researchers more often receive co-authorship than female researchers for similar tasks

(Ross et al., 2022). This brings on a vicious cycle of lower visibility, lower impact, and, in

consequence, lower funding and career opportunities (Van den Besselaar and Sandström,

2017). In particular, the higher career ranks, such as full professors, are still very much

male-dominated (Van den Besselaar and Sandström, 2017).

There is evidence that gender-diverse teams tend to produce research output with

a higher degree of novelty and impact (Sarabi and Smith, 2023). While the reasons for

this are still unclear, it is likely that the integration and empowerment of women (i.e.,

acknowledgment and incorporation of their expertise) rather than strict gender ratios are

the keys to high-impact research (Love et al., 2022). It is therefore in the interest of science

and society to promote gender equality in STEM fields. To leverage female authors in

STEM fields and give them a platform to promote their findings, Frontiers has launched a

series of Research Topics celebrating International Women’s Day. All publications on these

Research Topics have a female researcher as the first author and, for some papers, also as

the corresponding author. Our Research Topic, Women in Terrestrial Microbiology: 2022,

features eight articles covering a wide range of terrestrial microbiology topics in which female

researchers played the main role.

The articles presented discuss microbes from extreme habitats (Aguilera-Torres et al.;

Demergasso et al.), microbes beneficial to plants (Boak et al.; Cuartero et al.; Pot et al.),

microbes involved in organic matter degradation (Brabcová et al.; Bandini et al.), and

microbial threats to ancient monuments (Rizk et al.).
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Extreme environments such as the arid Atacama Desert

or the exposed slopes of the Andes challenge microbial

communities with various stressors such as desiccation, large

temperature fluctuations, and changes in moisture. Demergasso

et al. demonstrated in a simulated rainfall event that bacterial

communities in the Atacama Desert have the potential to respond

quickly to the improved conditions and initiate growth. In

the Andes, plant growth-promoting bacteria were shown by

Aguilera-Torres et al. to alleviate the environmental stress on

xerophytic plants. Plant-beneficial bacteria were also the focus

of Boak et al., who found that the type-II secretion systems

of Pseudomonas chloroaphis are a valuable weapon against

competitors and predators, thus helping to shape the microbial

communities of the rhizosphere. Cuartero et al., on the other

hand, investigated the impact of the sustainable farming practice of

intercropping on soil microbial diversity and soil C and N cycling.

Their study demonstrated the beneficial effects of intercropping

on both microbial diversity and the abundance of plant-beneficial

microbes. More sustainable practices were also the inspiration

for the study by Pot et al., who looked into materials to replace

peat, a popular growing substrate in horticulture, with more

sustainable alternatives. They found that many of the tested

options, e.g., green or vegetable composts, showed higher numbers

of potentially plant-beneficial microbes than the traditional

peat-based substrates. Microbial communities involved in organic

matter degradation were the focus of the study by Brabcová et al..

They showed how fungal communities in decaying deadwood

change over the course of the decay process. Moreover, these

changes can be linked to microclimate factors such as pH and

temperature in the wood. On a similar topic, but from a more

applied perspective, Bandini et al. focused on how bioplastics,

which are widely advocated as sustainable alternatives to traditional

plastics, affect microbial communities during anaerobic digestion

and aerobic composting. Indeed, the authors found a pronounced

impact, which may indicate a need to adjust process parameters

for digestion and composting if bioplastics are to be degraded in

these systems in the future. The last study in our Research Topic

dedicated to women researchers in Terrestrial microbiology takes

us to Egypt, where Rizk et al. set out to characterize potential

microbial threats to the pyramids. They found that the microbial

communities in and on the stones of the pyramids also comprise

such microbes that could increase the risk of physical and chemical

deterioration of these valuable cultural heritage monuments, which

needs to be considered in conservation efforts.

This Research Topic is a valid example of how women are able

to coordinate high-level research.
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The Type VI Secretion Systems in
Plant-Beneficial Bacteria Modulate
Prokaryotic and Eukaryotic
Interactions in the Rhizosphere
Emily N. Boak1, Sara Kirolos2, Huiqiao Pan1,3, Leland S. Pierson III4 and
Elizabeth A. Pierson1,4*

1 Department of Horticultural Sciences, Texas A&M University, College Station, TX, United States, 2 Department of Biology,
Texas A&M University, College Station, TX, United States, 3 Department of Embryology, Carnegie Institution for Science,
Baltimore, MD, United States, 4 Department of Plant Pathology and Microbiology, Texas A&M University, College Station,
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Rhizosphere colonizing plant growth promoting bacteria (PGPB) increase their
competitiveness by producing diffusible toxic secondary metabolites, which inhibit
competitors and deter predators. Many PGPB also have one or more Type VI Secretion
System (T6SS), for the delivery of weapons directly into prokaryotic and eukaryotic
cells. Studied predominantly in human and plant pathogens as a virulence mechanism
for the delivery of effector proteins, the function of T6SS for PGPB in the rhizosphere
niche is poorly understood. We utilized a collection of Pseudomonas chlororaphis 30–84
mutants deficient in one or both of its two T6SS and/or secondary metabolite production
to examine the relative importance of each T6SS in rhizosphere competence, bacterial
competition, and protection from bacterivores. A mutant deficient in both T6SS was less
persistent than wild type in the rhizosphere. Both T6SS contributed to competitiveness
against other PGPB or plant pathogenic strains not affected by secondary metabolite
production, but only T6SS-2 was effective against strains lacking their own T6SS.
Having at least one T6SS was also essential for protection from predation by several
eukaryotic bacterivores. In contrast to diffusible weapons that may not be produced at
low cell density, T6SS afford rhizobacteria an additional, more immediate line of defense
against competitors and predators.

Keywords: T6SS, PGPB (plant growth-promoting bacteria), bacterivores, competition, Pseudomonas, rhizosphere
ecology, GacS/GacA

INTRODUCTION

The rhizosphere, the area surrounding plant roots that is directly influenced by root exudates
and the associated microorganisms that comprise the rhizosphere microbiome, is an important
source of plant-beneficial microorganisms (Bakker et al., 2012; Berendsen et al., 2012; Pascale
et al., 2020). The rhizosphere niche is shaped by a complex community of bacteria, archaea,
fungi, protists and viruses and the cooperative, competitive, and predatory interactions among
members and with the plant root. Bacteria employ many different strategies to buffer and protect
themselves from abiotic and biotic stresses, especially competition with other microorganisms and
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grazing by predators (Matz and Kjelleberg, 2005; Matz et al., 2005;
Hibbing et al., 2010). These include multicellular behavior and
formation of a biofilm community (Costerton, 1995; Yin et al.,
2019) and the utilization of diverse secretion systems to deploy
an arsenal of diffusible products enabling bacteria to defend or
modify their “space” (Hibbing et al., 2010; Ghoul and Mitri, 2016;
Stubbendieck and Straight, 2016; Dorosky et al., 2017; Granato
et al., 2019). Many bacteria also have short-range mechanisms
for the delivery of weapons or other products when in direct
contact with sister cells or cells of other rhizosphere inhabitants
of which the Type VI Secretion System (T6SS) is one of the
best studied examples (Basler, 2015; Cianfanelli et al., 2016;
Smith et al., 2020). It is becoming increasingly clear that T6SS
mediate interactions important for competitive fitness in a variety
of environments (Gallegos-Monterrosa and Coulthurst, 2021),
although their roles in rhizosphere community dynamics and
benefits to plant-beneficial bacteria is not well understood.

T6SS are needle-like injection systems and the encoding
genes have been found in approximately 25% of Proteobacteria
(Basler et al., 2013). T6SS have been shown to be important for
the delivery of effector proteins into neighboring prokaryotic
and eukaryotic cells and other intercellular interactions (Barret
et al., 2011; Basler et al., 2013; Abby et al., 2016; Bernal et al.,
2017b). Consequently, the primary focus of T6SS research has
been on pathogenic bacteria and the role of T6SS in bacterial
virulence and pathogenesis. A role for T6SS in virulence was first
demonstrated using Vibrio cholerae and the bacterial predator
Dictyostelium discoideum (Pukatzki et al., 2006). T6SS have been
further implicated in virulence and killing of other eukaryotes
such as Caenorhabditis elegans, an important bacterial predator
and animal model organism (Vaitkevicius et al., 2006). T6SS
have been shown to be important among human pathogens such
as Burkholderia pseudomallei, Pseudomonas aeruginosa, Vibrio
cholerae, and Salmonella enterica serovar Typhimurium and their
T6SS have been linked directly to their virulence (Pukatzki et al.,
2006; Basler et al., 2013; Aubert et al., 2016; Sana et al., 2016).
T6SS are also important virulence factors among plant pathogens
such as Ralstonia solanacearum and Erwinia amylovora (Tian
et al., 2017; Asolkar and Ramesh, 2020). Although, T6SS have
been well studied in pathogenic systems, much less information
exists for their importance in the lifestyle of non-pathogenic
organisms. Interestingly, many plant growth promoting bacteria
(PGPB) also possess one or more T6SS (Loper et al., 2012; Marchi
et al., 2013; Bernal et al., 2017a). Thus, it is likely that T6SS
in PGPB may be involved in other functions related to their
host-associated niche or plant beneficial activities.

Generally, T6SS are composed of 13–15 structural proteins
divided into three interlocking structures: the intermembrane
anchor, the baseplate, and the needle/sheath. The length of the
entire structure has been shown to be determined by the width of
the cell, which can measure up to 1 µm in length, allowing it to
interact with both prokaryotes and eukaryotes (Basler et al., 2013;
Abby et al., 2016; Bernal et al., 2017b; Santin et al., 2019). This
needle is topped with a valine-glycine repeat protein G (VgrG)
trimer, which is in turn topped by one proline-alanine-alanine-
arginine (PAAR) repeat protein using hydrogen bonds (Shneider
et al., 2013) and the PAAR protein acts as a sharpener enabling

the end to penetrate neighboring cells (Ho et al., 2014; Basler,
2015). ClpV “recycles” the system by detaching the proteins and
allowing them to reform elsewhere (Kapitein et al., 2013; Zoued
et al., 2014). Other genes such as the serine/threonine kinase
and phosphatase (ppkA and pppA) are associated with the genes
encoding structural proteins, and PpkA and PppA are involved in
the regulation of the firing of the system (Kulasekara and Miller,
2007; Chen et al., 2015).

A great deal of genetic diversity has been found among the
operons encoding T6SS and many bacterial species have multiple
T6SS-encoding operons that differ in terms of their genetic
organization, the presence or absence of certain effectors, or their
regulation (Chen et al., 2011, 2015; Loper et al., 2012; Spiewak
et al., 2019). Efforts to characterize this diversity has led to T6SS-
encoding operons being partitioned into five clades (Boyer et al.,
2009; Bernal et al., 2017b). Characterization of T6SS using this
clade system illustrates both the diversity in bacterial taxa having
T6SS as well as the diversity of systems found within a single
species. For example, Burkholderia thailandensis possesses five
different T6SS and these systems have been shown to perform
different roles (Schwarz et al., 2010). In Pseudomonas, T6SS may
differ in terms of the type of stimuli that causes firing, e.g.,
contact-dependent firing or random firing. Contact-dependent
firing is regulated by the signaling cascade TagQRST. This
signaling cascade alerts the cell when damage has been caused
to its membrane and triggers the formation of the T6SS in what
is known as dueling behavior (Basler et al., 2013). In contrast,
to fire randomly the TagQRST signaling cascade is not needed.
Some Pseudomonas may have both dueling and random firing
behavior, such as P. fluorescens Q287, which contains three T6SS
clusters, one of which contains the TagQRST signaling cascade
(Loper et al., 2012; Basler et al., 2013, this study). A direct method
to predict T6SS function has not been established based purely
on sequence analysis, but the genetic organization, effector types,
and firing regulation are all possible determinants of functionality
(Bernal et al., 2017b). Consequently, when more than one system
is present within a species, it is possible that the systems perform
different, non-redundant functions, increasing the repertoire of
functionalities provided (Schwarz et al., 2010).

To gain a better understanding of the importance of T6SS
for the rhizosphere lifestyle, we focused on Pseudomonas
chlororaphis subsp. aureofaciens 30–84, a well-characterized
plant PGPB that is an effective rhizosphere colonizer. Previous
research demonstrated that production of phenazines, diffusible
anti-microbial compounds, contributes to biofilm formation,
rhizosphere competence, inhibition of fungal plant pathogens,
plant disease suppression, and mediation of wheat seedling water
and salt stress (Mazzola et al., 1992; Pierson and Thomashow,
1992; Maddula et al., 2006; Yu et al., 2018; Mahmoudi et al.,
2019; Yuan et al., 2020). P. chlororaphis 30–84 also produces
other diffusible weapons including hydrogen cyanide, several
types of extracellular enzymes, and multiple R-tailocin particles,
antibacterial proteins that resemble bacteriophage tails and target
and kill other pseudomonads (Loper et al., 2012; Wang et al.,
2013; Dorosky et al., 2017, 2018). The genome of P. chlororaphis
30-84 also encodes two genetically distinct T6SS (Loper et al.,
2012, this study). With a diverse spectrum of diffusible protective
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mechanisms already at its disposal, we questioned whether the
two T6SS, close-range defensive weapons were important for
competitive rhizosphere fitness. We hypothesized, if both T6SS
were functional, they may serve non-redundant functions that
contribute to the ability of this PGPB to survive the rhizosphere
niche and promote plant health. To test this hypothesis, we
created mutants defective in one or both T6SS and used
these derivatives to characterize the role of each T6SS in
rhizosphere competence, bacterial competition, and protection
from bacterivores. To examine the role of the T6SS in the context
of the entire arsenal of competitive mechanisms, we used an
existing collection of mutants including derivatives deficient in
the production of phenazines (but not T6SS activity) and a global
regulatory mutant P. chlororaphis 30–84 GacA (Chancey et al.,
1999). The expression of T6SS-encoding genes in P. chlororaphis
30–84 are notably down regulated in gacS and gacA mutants
(Wang et al., 2013), as observed in other Pseudomonas species
(Hassan et al., 2010; Records and Gross, 2010; Chen et al.,
2015). The GacS/GacA two component system also controls
the production of secondary metabolites (including phenazines),
bacteriocins, and extracellular enzymes in P. chlororaphis 30–84
(Wang et al., 2013) as observed in other PGPB (Heeb and Haas,
2001; Jousset et al., 2009). Having derivatives deficient in specific
competitive mechanisms enabled us to distinguish the role of
each T6SS from other mechanisms that contribute to competitive
fitness and protection from bacterivores.

MATERIALS AND METHODS

Bacterial Strains and Media
The bacterial strains and plasmids used in this study are described
in Table 1. A spontaneous rifampin-resistant derivative of
P. chlororaphis 30–84 was used in all studies, hereafter referred to
as wild type (30–84 WT). P. chlororaphis and wheat rhizosphere
test strains were grown at 28◦C in the following media: Luria-
Bertani (LB) (Fisher BioReagents, Hampton, NH, United States),
AB minimal (2% glucose) (Chilton et al., 1974) amended with
2% casamino acids (AB + CAA) (CAA is from BD Bacto, San
Jose, CA, United States) or King’s medium B (KMB) (King
et al., 1954). Escherichia coli was grown at 37◦C in LB medium,
unless otherwise noted. E. coli and Pseudomonas strains were
grown in liquid culture with agitation (200 rotations/min) or
on solid medium (amended with agar at 15 g/l). Antibiotics
were used in the following concentrations for E. coli: kanamycin
(Km), gentamicin (Gm), carbenicillin (Cb), and 5-bromo-4-
chloro-3-indolyl-β-D-galactopyranoside (X-gal) at 50, 15, 100,
and 40 µg/ml, respectively; and for P. chlororaphis: Km, Gm, Cb,
rifampicin (Rif), and cycloheximide at 50, 50, 100, 100, and 100
µg/ml, respectively.

Phylogenetic Analysis of Chromosomal
Regions Containing Two Putative T6SS
Pseudomonas chlororaphis 30–84 genes annotated as encoding
two T6SS are shown in Figure 1. We determined how these
two T6SS compared to clades established by Boyer et al.
(2009) and expanded by Bernal et al. (2017b). The amino

acid sequences encoded by four highly conserved genes, tssB,
tssC, tssK, and tssM, from each of the two P. chlororaphis 30–
84 T6SS and the corresponding sequences from five species
representing each clade were retrieved from the National Center
for Biotechnology Information (NCBI) database and compared
using BLASTp (Altschul et al., 1990). Based on levels of
amino acid sequence identity, the P. chlororaphis 30–84 proteins
were most similar to proteins in clades 3, 1.1, and 4A. The
same P. chlororaphis 30–84 amino acid sequences were then
compared to the corresponding amino acid sequences of 12 other
plant-associated species belonging to clade 1.1, 3, or 4A. Also
included were corresponding amino acid sequences from several
biological control strains (Loper et al., 2012). The sequences
were aligned using MUSCLE (MUltiple Sequence Comparison
by Log-Expectation) through the program MEGA7 (Kumar
et al., 2016). Once aligned, the Jones, Taylor, and Thorton (JTT)
model in MEGA7 and bootstrap analysis with 1000 bootstrap
replicates was used to build a maximum likelihood (ML) tree
for each of the conserved genes. The program FigTree v1.4.4
(Rambaut, 2009; Gardner and Hall, 2013) was used to visually
represent the ML trees.

Generation of Single and Double T6SS
Mutants
A derivative of P. chlororaphis 30-84 containing a tssA-2 deletion
mutation (1TssA2) was generated using the suicide vector
pEX18Ap and using methods described previously (Hmelo et al.,
2015). Briefly, DNA sequences (1,000 nucleotides [nt]) flanking
the gene tssA-2 were amplified by two-step PCR using the
primer pairs TssA2KO-UP-F-EcoRI and TssA2KO-UP-R-KpnI,
and TssA2KO-DWN-F-KpnI and TssA2KO-DWN-R-HindIII,
respectively (Supplementary Table S1). Amplification using
primers TssA2KO-UP-F-EcoRI and TssA2KO-DWN-R-HindIII
and using the product of the previous PCRs as a template resulted
in a construct that contained the upstream fragment separated
from the downstream fragment by a KpnI restriction site. This
fragment was ligated into the EcoRI and HindIII restriction
enzyme sites in the multiple-cloning region of pEX18a to create
plasmid pEX18A + TSSA2. A kanamycin resistance cassette
with its promoter was obtained via PCR amplification using
pUC4K as the template and the primers TssA2KO-UP-R-KpnI
and TssA2KO-DWN-F-KpnI and ligated between the upstream
and downstream fragments at the KpnI site in pEX18Ap. The
final construct (pEX18A + TSSA2/KMR) was transformed into
E. coli DH5α, and transformants were selected on LB amended
with Km and Xgal. After conjugation, double-crossover mutants
into P. chlororaphis were obtained by counterselection on LB
amended with Rif, Km, and 6% sucrose and confirmed using
PCR primers specific to the internal regions of tssA-2. PCR was
performed using GoTaq R© Green Master Mix (Promega, Madison,
WI, United States) according to manufacturer recommendations.
E. coli transformation and P. chlororaphis conjugation were
performed as described previously (Pierson and Thomashow,
1992; Wang et al., 2012).

A derivative of P. chlororaphis 30-84 containing a tssA-
1 deletion mutation (1TssA1) was generated using the
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TABLE 1 | Bacteria strains and plasmids used in this study.

Strain Description References

Pseudomonas

P. chlororaphis 30–84 WT “Wild type,” Rifr Pierson and Thomashow, 1992

P. chlororaphis 30–84 ZN Phz−, Rifr , phzB:lacZ genomic fusion Pierson et al., 1994

P. chlororaphis 30–84 GacA Phz− Rifr spontaneous gacA mutant Chancey et al., 1999

P. chlororaphis 30–84 I/I2 phzI:npt and csaI:uidA-Gm genomic fusion, Gmr Zhang and Pierson, 2001

P. chlororaphis 30–84 1TssA1 T6SS-1 mutant: Pchl3084_RS17705 replaced with Kmr

cassette
This study

P. chlororaphis 30–84 1TssA2 T6SS-2 mutant: Pchl3084_RS00080 replaced with Kmr

cassette
This study

P. chlororaphis 30–84 1TssA1/2 T6SS-1/2 mutant with Pchl3084_RS17705 replaced
with Kmr and Pchl3084_RS00080 replaced with Gmr

cassette

This study

Pseudomonas rhizosphere colonizing, biocontrol strains

P. protegens Pf-5 Rhizosphere associated PGPB (formerly P. fluorescens
Pf-5) with T6SS-encoding genes

Howell, 1979

P. synxantha 2-79 Rhizosphere associated PGPB (formerly P. fluorescens
2-79) without T6SS-encoding genes

Weller and Cook, 1983

P. fluorescens Q2-87 Rhizosphere associated PGPB with T6SS-encoding
genes

Pierson and Weller, 1994

Environmental and Plant Pathogenic Strains

Pseudomonas putida F1 Environmental isolate, without T6SS-encoding genes https://genome.jgi.doe.gov/portal/psepu/
psepu.home.html

Pseudomonas syringae pv. tomato DC3000 Plant pathogen with functional T6SS Petnicki-Ocwieja et al., 2002

Agrobacterium tumefaciens C58 Plant pathogen with functional T6SS Ma et al., 2014

Pectobacterium carotovorum subsp. carotovorum Plant pathogen with T6SS-encoding genes Lei et al., 2019

Escherichia coli

E. coli DH5α F−recA1 endA1 hsdR17 supE44 thi-1 gyrA96
relA11(argF-lacZYA) Iq69 880lacZ1M15λ−

GIBCO-BRL

E. coli HB101 F− hsds20(rB−mB
−)supE44recA1 ara14 proA2 lacY1

galK2 rpsL20 xyl-5 mtl-5λ−
GIBCO-BRL

E. coli deltaB D. discoideum food source Dictyostelium Stock Center

E. coli OP50 C. elegans food source Brenner, 1974

Plasmids Description References

pEX18Ap Apr Hoang et al., 1998

pUC4K Kmr , Apr Grindley and Joyce, 1981

pUCP20Gm Gmr , pUCp20 derivative containing constitutive
promoter Plac with SmaI-flanked Gmr cassette inserted
into the unique ScaI site within bla

Chiang and Burrows, 2003

pEX18A + TSSA2 pEX18A containing tssA-2 upstream and downstream
sequences separated by a KpnI restriction site

This study

pEX18A + TSSA2/KMR pEX18A containing tssA-2 upstream and downstream
sequences separated by a Km resistance cassette

This study

pEX18A + TSSA1/KMR pEX18A containing tssA-1 upstream and downstream
sequences separated by a Km resistance cassette

This study

pEX18A + TSSA2/GMR pEX18A containing tssA-2 upstream and downstream
sequences separated by a Gm resistance cassette

This study

Apr , Kmr , Gmr , Rifr indicate ampicillin, kanamycin, gentamicin, and rifampin, respectively.

suicide vector pEX18Ap. Briefly, DNA sequences upstream
(∼1200 nt) and downstream (∼1,100 nt) flanking tssA-1 were
amplified via PCR using the primer pairs TssA1KO-repliQa-UP-
F and TssA1KO-repliQa-UP-R, and TssA1KO-repliQa-DWN-
F and TssA1KO-repliQa-DWN-R, respectively (Supplementary
Table S1). The kanamycin resistance cassette with its promoter

was amplified via PCR using pUC4K as the template and primers
TssA1KO-repliQa-KmR-F and TssA1KO-repliQa-KmR-R. The
final construct (pEX18A + TSSA1/KMR) was obtained using
repliQa HiFi Assembly according to the manufacturer (“RepliQa
HiFi ToughMix | Superior Speed and Inhibitor Tolerance |
Quantabio, 2021”). DH5α transformants were selected on LB
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FIGURE 1 | Pseudomonas chlororaphis 30–84 T6SS gene clusters. (A) The T6SS-1 cluster of genes. (B) The T6SS-2 cluster of genes. Red arrows designate genes
encoding conserved proteins involved in T6SS structure and function. Blue arrows designate genes encoding hypothetical proteins. Yellow arrows designate genes
encoding proteins associated with the TagQRST system in T6SS-1. *Refers to a gene encoding a T6SS protein with a PAAR domain.

amended with Km and Xgal. P. chlororaphis double-crossover
mutants were obtained by counterselection on LB amended with
Rif, Km and 6% sucrose and confirmed using PCR primers
specific to the internal regions of tssA-1.

To generate the double mutant 1TssA1/2, a gentamicin
resistant cassette with its promoter was amplified using the
plasmid pUCP20Gm as the template and the primer pairs
DoubleKO-GnR + A2UP-R and DoubleKO-GnR + A2DWN-
F. The plasmid pEX18A + TSSA2 was digested with KpnI.
The final construct containing the gentamicin resistance
cassette (pEX18A + TSSA2/GMR) inserted at the KpnI site
was obtained using repliQa HiFi Assembly. The plasmid
pEX18A + TSSA2/GMR was transformed into E. coli DH5α

and transformants were selected on LB amended with Gm and
Xgal. P. chlororaphis double-crossover mutants in 1TssA1 were
obtained by counter selection on LB amended with Rif, Km, Gm
and 6% sucrose and confirmed using PCR primers specific to the
internal regions of tssA-1 and tssA-2.

Growth in Planktonic Culture and
Surface Attached Biofilms
The strains 30-84 WT, 1TssA1, 1TssA2, and 1TssA1/2 were
grown in LB medium at 28◦C with agitation and the optical
density (OD620) was measured at one-hour intervals until 8 h
and then at two-hour intervals between 24 and 30 h The
experiment was performed with two biological replicates and
repeated three times.

Surface attached biofilm formation was quantified via 96-
well microtiter assay routinely used in our lab (Maddula
et al., 2006) with slight modifications. Briefly, pre-cultures were
grown in LB medium (28◦C, with agitation, 16 h). These
cultures were resuspended in fresh LB medium and grown
to a final cell density of OD620 = 0.8. Each strain (1.2 µL)

was inoculated into 120 µL AB + CAA in separate wells
of a 96 well polystyrene cell culture plate (Corning Inc.,
Corning, NY, United States). The plate was incubated at 28◦C
for 72 h without agitation in a sealed container to minimize
evaporation. Unattached cells were removed by inversion of
the plate with vigorous tapping. The adherent bacteria were
fixed to the plate (20 min, 50◦C) and stained (1 min, 150 µL
of 0.1% crystal violet). Excess stain was removed by inversion
of the plate followed by two washings with sterile distilled
water. The adherent cells were decolorized (to release the dye)
with a 20% acetone/80% ethanol solution (200 µL, 5 min,
room temperature). A sample (100 µL) of each well was
transferred to a new 96-well plate and the amount of dye
(proportional to the density of adherent cells) was quantified
(OD540). The experiment was performed with two biological
replicates (separate colonies) and five technical replicates and
repeated three times.

Rhizosphere Colonization and
Persistence Assay
We used repeated planting/harvest cycles to evaluate rhizosphere
persistence as described previously (Mazzola et al., 1992).
The assay was performed using methods described previously
(Dorosky et al., 2017) with minor modifications. Soil used for
rhizosphere experiments was a Pullman clay loam collected
from the USDA-ARS, Bushland, TX dryland wheat plots at
a depth of 1–15 cm. Prior to use in experiments, it was
necessary to sieve (2 mm mesh) and mix the soil with
sand (soil:sand, 2:1, v:v) to facilitate drainage as described
previously (Mahmoudi et al., 2019). The soil-sand mix is
hereafter referred to as soil. The hard red winter wheat
cultivar TAM 304 (Rudd et al., 2015) was used for all
rhizosphere studies.
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Bacteria were grown overnight with antibiotic selection,
washed twice with sterile water, and resuspended in sterile
water at a final concentration of 1 × 109 CFU/mL. Inoculum
was added to either steam-sterilized soil (autoclaved twice:
121◦C, 15 psi, 45 min, 24 h pause between cycles) or untreated
(field) soil. Final bacterial concentrations were adjusted to
106 CFU/g by dilution using sterile water, adding the diluted
suspension to soil (20 mL solution per 500 g), and mixing
thoroughly daily for four days. Soil was then added to clean
conical plastic growth tubes (Ray Leach Cone-tainers, 4 cm
diameter, 21 cm height).

Wheat seeds (TAM 304) were surface disinfested by
incubation in 10% bleach (10 min.) and then washed with
sterile water (five times for 1 min. each). Disinfested seeds
were pregerminated on germination paper for 48 h. The
seedlings were planted in the growth tubes four days after the
soil was inoculated with bacteria. A total of 50 plants were
sown at the start of the experiment. Plants were grown on
a light bench (8 h:16 h dark/light cycle, room temperature)
and given sterile water (10 mL) every five days. After 20 days
of growth, 10 of the 50 plants from each treatment were
randomly selected and harvested and rhizosphere populations
determined. The unharvested plants (remaining 40 of the
50 plants/treatment) were removed individually from their
containers, the shoot system was excised and discarded, and
the soil and root system were transferred to a clean paper cup,
mixed by shaking, and returned to the conical growth tube from
which they were obtained. This soil was then replanted with
disinfested, pregerminated wheat seeds to initiate the second 20-
day planting/harvest cycle. At each harvest, 10 of the remaining
plants from each treatment were harvested and rhizosphere
populations determined. The planting to harvest cycle was
repeated for a total of five cycles. The entire experiment was
repeated three times.

In vitro and Rhizosphere Competition
Assays
Competitive fitness assays compared the populations of
competitors grown separately and in 50:50 mixed cultures
in vitro. Briefly, bacterial strains were grown overnight in
LB at 28◦C with agitation (200 rpm), harvested, washed, and
resuspended in fresh medium (cell densities were adjusted to
OD620 = 0.5) before creating the single strain or mixed starting
cultures. Mixed cultures were prepared using equal volumes
of competitors. A total of 10 µl per treatment was placed onto
∼ 1 cm2 pieces of nitrocellulose filter paper on LB plates, and
plates were incubated at 28◦C for 5 h. Nitrocellulose papers
then were transferred separately to sterile tubes containing
1 mL sterile water (sufficient to cover filter paper), and cells
were collected by vortexing for 30 s twice with a 5 min. rest
in between. Bacterial populations were enumerated via serial
dilution plating on LB after 48 h. P. chlororaphis 30–84 and
derivative appear bright orange on plates making them easy to
distinguish from competitors. A competitive ratio was calculated
by standardizing the population size of each strain in mixture
to the population size of that strain without a competitor. The

experiment was performed with five biological replicates and
repeated three times.

Competitive fitness assays comparing the growth of
competitors grown separately and in 50:50 mixed cultures
in the wheat root rhizosphere were performed similar to
previous methods (Dorosky et al., 2017). The inoculum was
prepared as described for the in vitro assay, but the final
total cell density used to inoculate seeds was 109 CFU/ml
(OD620 = ∼1.0). Wheat seeds were surface disinfested and
pregerminated (as described above) and then suspended in
bacterial inoculum for 10 min. The seeds were sown into
steam-sterilized soil (prepared as above). Plants were grown
and maintained as above. After 28 days, the entire root system
and loosely adhering soil was transferred to a sterile plastic
tube (15 mL), immersed in 5 mL of sterile water and sonicated
and vortexed three times (10 s each). Serial dilutions were
plated onto LB amended with cycloheximide and bacterial
populations quantified after 48 h. The roots were dried for
48 h at 65◦C and populations were standardized to root dry
weight. Competitive ratios were calculated as above. The
experiment was performed with 8–10 replicates/treatment and
repeated three times.

Predator-Prey Studies
Dictyostelium discoideum
Dictyostelium discoideum strain AX2 was purchased from the
Dictyostelium stock center (Fey et al., 2013). D. discoideum
cells were grown in SIH medium (Formedium, Hunstanton,
United Kingdom) with agitation as described previously
(Brock and Gomer, 1999; Rijal et al., 2019). D. discoideum
cells were collected by centrifugation (500 × g, 3 min.),
resuspended/washed in fresh SIH twice, and resuspended
at a final concentration of 1 × 106 cells/mL in SIH
(determined via direct counts using a hemocytometer).
D. discoideum cells (1 mL/well) were added to 24-well
plates (Cat. #353047, Corning, NY, United States), allowed
to adhere for 30 min., and then the liquid medium was
replaced with low nutrition PBM or high nutrition HL5
(Phillips and Gomer, 2012).

Bacterial cultures were grown in LB media for 16 h, and
bacterial cells were collected by centrifugation (2,000 × g,
1 min.) and resuspended in PBM. Bacterial cultures were then
standardized to a low cell density (OD600 = 0.1) and added
to the wells containing D. discoideum cells. Bacteria used as
prey in the feeding assay included 30–84 WT, 1TssA1, 1TssA2,
1TssA1/2, and P. chlororaphis derivatives 30–84 GacA, 30–
84 I/I2, or 30–84 ZN. D. discoideum cells growing without
bacteria as a food source or with E. coli1B (used in lab as
a preferred prey source) were used as controls. After 24 h,
the mixed cultures were slowly resuspended with a pipettor to
detach the D. discoideum cells from the wells and 200 µL from
each well was transferred into a 96-well microtiter-plate suitable
for microscopy (#160822/1, ibidi, Martinsried, Germany). The
D. discoideum cells were left to adhere for 30 min. Differential
Interference Contrast (DIC) images were obtained using a
Nikon Ti2 Eclipse Microscope (40X, 100X oil). Another 200 µL
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from each well was used for serial dilutions to determine
bacterial populations.

To measure Contact Site A protein (CsA) and Discoidin
I levels in D. discoideum cells, the phagocytosis assay was
performed as above. After 24 h, the supernatant was removed
from each well and 200 mL of 2X SDS sample buffer was
added to each well. The cells were collected by pipetting up
and down repeatedly. The collected material was then heated
to 95◦C for 5 min. Samples were electrophoresed and blotted
as described previously (Bakthavatsalam et al., 2008) except
that the blots were blocked in 5% non-fat skim milk (Difco,
Franklin Lakes, NJ, United States) in PBST [Phosphate Buffered
Saline (pH 7.4) + 0.1% Tween-20] for 1 h and stained as
previously described (Rijal et al., 2019) with either 1:500 #20-
121-1-s anti-CsA (Developmental Studies Hybridoma Bank,
Iowa City, IA, United States), 1:500 #80-52-13-s anti-Discoidin
I (Developmental Studies Hybridoma Bank, Iowa City, IA,
United States) or 1:1000 #13E5 beta-Actin (Cell Signaling
Technology, Danvers, MA, United States) and then using a a
secondary antibody 1:2500 #715-036-150 peroxidase-conjugated
donkey anti-Mouse IgG (Jackson ImmunoResearch, West
Grove, PA, United States) or 1:2500 #711-036-152 peroxidase-
conjugated donkey anti-Rabbit IgG (Jackson ImmunoResearch,
West Grove, PA, United States). Staining was detected with
Supersignal West Pico PLUS Chemiluminescent Substrate for
10 min. (Cat # 34087, Thermo, Waltham, MA, United States).
Images of the membranes were taken using a BioRad ChemiDoc
XRS system and quantified using the Image Lab software
(Bio-Rad, Hercules, CA, United States). Band intensities were
normalized to the corresponding total actin band intensity.

To determine the effect of predation on bacterial fitness, a
bacterial clearing assay was performed as described previously
(Phillips and Gomer, 2010). Briefly, bacterial cultures and
D. discoideum cells were grown and collected as described above
but the final concentration of D. discoideum was adjusted to
500,000 cells/mL. 100 µL of each bacterial culture were spread
onto SM/5 (pH = 6.5) medium plates and 10 µL of D. discoideum
was then transferred to the center of the plate. Plates were
incubated at 22◦C for 5 days and the diameter of the zone of
clearing was measured after 2 and 5 days. The experiment was
repeated using four biological replicates.

Tetrahymena thermophila
For the feeding assay, T. thermophila CU427 (Tetrahymena
Stock Center, Cornell University, Ithaca, NY, United States) were
grown according to a previous protocol with minor modifications
(Wilson et al., 1999). Briefly, T. thermophila was grown in
PPYS (2% proteose peptone, 90 µM sequestrene, 0.2% yeast
extract) liquid medium overnight with agitation (200 rpm, 30◦C)
and then transferred to 200 mL fresh media. Populations were
adjusted to 3 × 105 cells/20 mL via direct population counts
using a hemocytometer and Leitz (Epivert) microscope (100X).
Bacterial cultures were grown in LB for 16 h, and bacterial cells
were collected by centrifugation (3,000 × g, 15 min) and washed
with an equal amount of sterile water. Bacterial cultures were then
standardized to a low cell density (OD620 = 0.1). Bacteria used as
prey in the feeding assay included 30–84 WT, 1TssA1, 1TssA2,

1TssA1/2, 30–84 GacA, 30–84 I/I2, or 30–84 ZN. T. thermophila
without prey bacteria was used as a control. Bacterial and
T. thermophila cultures were mixed (5 mL, 20 mL, respectively)
and grown in 50 mL tubes with agitation (200 rpm, 27◦C). After
4 h and 24 h, Tetrahymena populations in mixed cultures were
enumerated via direct counts using a hemocytometer.

For the mating assay, T. thermophila with different germlines,
CU427 and CU330, were selected. These were selected as they are
non-self-cells of different germlines and will reproduce together
(Cervantes et al., 2013). CU427 and CU330 (Tetrahymena Stock
Center, Cornell University) were grown in PPYS liquid media
overnight (200 rpm, 30◦C) and collected via centrifugation
(3,000 × g, 10 min.) and washed in an equal amount of 10 mM
Tris Buffer (pH = 7.4) twice. T. thermophila were grown overnight
(200 rpm, 30◦C) in 10 mM Tris Buffer to induce starvation
and then populations were standardized to a cell density of
1.5 – 2 × 105/10 mL (via direct counts). Bacterial cultures were
prepared as described above and standardized to OD620 = 0.1.
T. thermophila CU427 and CU330 cultures were mixed in equal
amounts (10 mL each) with 1 mL of the bacterial culture.
After 4 h the treatments were viewed under the Leitz (Epivert)
microscope, and the frequency of mated cell pairs (number of
mated pairs/total number of observations) determined. Mating
is defined by the joining to two T. thermophila cells vs. cells that
remain single. This experiment was repeated three times.

Caenorhabditis elegans
Caenorhabditis elegans N2 hermaphrodites (Caenorhabditis
Genetics Center, University of Minnesota, Minneapolis, MN,
United States) were partially synchronized by allowing the
nematodes to crowd a Nematode Growth Media (NGM) plate
(Brenner, 1974) and consume all of their food source. Once
the eggs produced on this plate hatched to stage L1 they were
removed to a fresh NGM plate with E. coli OP50 for food
and allowed to grow (20◦C) to stage L4. Once mature, five
L4 adult nematodes were selected and placed onto new NGM
plates inoculated with one of the different prey bacteria: E coli
OP50 (control), 30–84 WT, 1TssA1, 1TssA2, 1TssA1/2, 30–84
GacA, 30–84 I/I2, or 30–84 ZN. Nematodes were allowed to lay
eggs for 1 h (at room temperature) and then transferred to a
new prey-containing plate. This transfer protocol was repeated
until there were four plates per treatment, with the original
nematodes being removed from the fourth plate. The plates
were observed every 24 h for 72 h. The numbers of immature
and mature nematodes were enumerated, and the percentage of
adult nematodes calculated. Images of the plates were taken after
72 h using a Zeiss Stemi SV11 scope (26X magnification) and a
Hamamatsu ImagEM EM-CCD camera. Bacterial clearing was
estimated from total space occupied by C. elegans at the end of
72 h. Experiments were replicated three times.

Statistical Analyses
All data presented are the mean ± the standard error from
at least two experiments. Unless otherwise indicated, multiple
comparisons were analyzed (α = 0.05) using ANOVA and
either Tukey HSD or Student’s t tests and significant differences
(P < 0.05) are indicated by lowercase letters. All data were
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analyzed using JMP Version 16 Software (SAS Institute Inc.,
Cary, NC, United States).

RESULTS

Pseudomonas chlororaphis 30–84 Has
Two Putative T6SS
Pseudomonas chlororaphis 30–84 contains two separate T6SS
gene clusters, T6SS-1 and T6SS-2 (Figure 1), both of which
contain genes encoding at least 12 of the 13 conserved T6SS
proteins (tssA-tssM). These proteins combine into subunits that
make the three structures necessary for T6SS formation: the
intermembrane structure (composed of the proteins TssJ, TssL,
and TssM); the baseplate structure (composed of TssE, TssF,
TssG, and TssK); and the sheath and needle-like structure
(TssB, TssC and Hcp/TssD) with TssA coordinating the assembly
of the final structure (Planamente et al., 2016; Zoued et al.,
2017). The gene encoding Hcp is not present in the T6SS-2
cluster, but an additional putative hcp gene is found elsewhere
in the genome. The needle-like structure is topped with a
valine-glycine repeat protein G (VgrG/TssI) trimer that in most
cases is associated with effector proteins (Ho et al., 2014).
The proline-alanine-alanine-arginine (PAAR) repeat protein sits
atop VgrG and acts as a sharpener enabling the end to
penetrate neighboring cells (Shneider et al., 2013; Ho et al.,
2014; Basler, 2015). Both T6SS-1 and T6SS-2 have genes
encoding putative VgrG proteins associated with their clusters
(one and two genes, respectively), and an additional seven
putative VgrG-encoding genes are found elsewhere in the
genome. Only the T6SS-2 contains a gene encoding PAAR
protein in its cluster, with nine more putative PAAR protein-
encoding genes occurring elsewhere in the genome. ClpV (TssH)
is involved in recycling the system (Kapitein et al., 2013;
Zoued et al., 2014) and is found in both T6SS clusters. Hcp,
VgrG, and PAAR proteins are associated with the delivery
of effectors (Ho et al., 2014) and effectors are frequently
identified based on their proximity to the encoding genes in
the genome (Spiewak et al., 2019). The locations of these
genes in the genome were used to search for putative effectors
associated with both T6SS.

The two T6SS differ in organization. In T6SS-1, the structural
genes are divergently transcribed whereas in T6SS-2 the
genes are transcribed in the same direction. Additionally,
the genes encoding the regulation cascade system TagQRST,
shown previously to be responsible for contact-dependent
firing used in T6SS dueling (Basler et al., 2013) are found
only within T6SS-1 gene cluster, suggesting this system may
be fired in a contact-dependent manner. Genes encoding a
serine/threonine kinase (PpkA) required to phosphorylate
the protein Fha for the dueling signal to be received and
induce T6SS formation and a serine/threonine phosphatase
(PppA) required to dephosphorylate Fha allowing the
T6SS to be dismantled and recycled by ClpV (Casabona
et al., 2013; Ho et al., 2014) are also present in T6SS-
1. Although the T6SS-2 cluster lacks the Tag regulatory
cascade, it contains genes encoding a serine/threonine

kinase (Stk1), Fha, and a serine/threonine phosphatase
(Stp1), suggesting random firing as seen in other systems
(Basler and Mekalanos, 2012). Based on the differences in the
organization and regulation of these systems, we hypothesized
that they respond to different stimuli and potentially serve
non-redundant functions.

We compared the two P. chlororaphis 30-84 T6SS clusters to
the genetic clades established by Boyer et al. (2009) and expanded
by Bernal et al. (2017b). The predicted amino acid sequences
of four highly conserved structural genes, tssB, tssC, tssK, and
tssM from T6SS-1 and T6SS-2 and the corresponding sequences
from five species representing each clade were compared using
BLASTp. Based on the levels of amino acid sequence identity,
the proteins in T6SS-1 were most similar to clade 3, whereas
the amino acid sequences in T6SS-2 were similar to both clades
1.1 and 4A. The predicted amino acid sequences of these genes
in T6SS-1 and T6SS-2 were then compared to corresponding
sequences from 12 other plant-associated species belonging to
clade 1.1, 3, or 4A. Maximum likelihood trees were constructed
for each protein and confirmed that the amino acid sequences in
T6SS-1 group aligned optimally with clade 3. Clade 3 includes
T6SS from a wide variety of genera, including the P. aeruginosa
T6SS involved in contact-dependent dueling (Basler et al.,
2013). The amino acid sequences in T6SS-2 predominately
align with clade 1.1 (although a single strain belonging to 4A
clustered nearby), which includes T6SS from many different
pseudomonads such as P. fluorescens strains that appear to be
random firing systems (Bernal et al., 2017b). The maximum
likelihood tree for TssB (also used for clade analysis by Bernal
et al., 2017b) appears in Supplementary Figure S1.

Growth of Pseudomonas chlororaphis
T6SS Mutants
To study the function of each T6SS, mutants were generated to
disrupt T6SS assembly via deletion of tssA in each system and
double mutants generated in both systems. In planktonic culture,
there was no difference in the growth rates of 30–84 WT or the
single T6SS mutants (1TssA1 and 1TssA2), although the double
mutant (1TssA1/2) consistently grew somewhat slower and
reached a slightly lower cell density after 30 h (Supplementary
Figure S2A). However, in surface-attached biofilms, population
levels of 30-84 WT and the single or double T6SS mutants were
no different after 72 h (Supplementary Figure S2B).

We also looked at the ability of 30–84 WT, 1TssA1,
1TssA2, and 1TssA1/2 to colonize and persist in the wheat
rhizosphere after multiple plant/harvest cycles in steam-sterilized
and untreated field soil. No differences in the rhizosphere
populations of strains were observed at the end of one harvest
cycle in either sterile or field soil (Figure 2), indicating no loss
in colonizing ability by the mutants. In the steam-sterilized soil,
although the rhizosphere populations were slightly smaller at the
end of five plant harvest cycles compared to the first harvest,
there were still no statistical differences among treatments. In
contrast, in natural soil the rhizosphere populations of 1TssA1/2
were significantly reduced compared to 30–84 WT, whereas
populations of 1TssA2 were intermediate (Figure 2). These data
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FIGURE 2 | Rhizosphere persistence over repeat harvests. Bacterial populations (log10 CFU/g root dry weight) in sterile and field soil after the first and fifth harvest.
Strains tested included 30–84 WT, the single T6SS mutants 1TssA1 and 1TssA2, and the double mutant 1TssA1/2. Data are the mean and standard errors (bars
may be too small to see for some treatments) from three replicate experiments (n = 10/per replicate). Lettering indicates significant differences. Data were analyzed
using a one-way ANOVA and Tukey’s tests and significant differences are indicated, p < 0.05.

suggested that having a T6SS is not necessary for rhizosphere
colonization but is important for competitive persistence.

Bacterial Competition Assays
We explored the hypothesis that disruption of either or both
T6SS alters competitive fitness using single strain competition
assays in vitro. For this assay, 30–84 WT and each of the T6SS
mutants were grown separately or in 50:50 mixtures with other
well-characterized rhizosphere colonizing Pseudomonas PGPB
strains shown in this study or previous work to be completely
or partially resistant to phenazines or bacteriocins (Dorosky
et al., 2017, 2018). These included strains for which there was
information about their T6SS and the sequence similarity of their
T6SS to the P. chlororaphis 30–84 T6SS clusters. Rhizosphere
competitors included P. synxantha 2–79 (no T6SS), P. protegens
Pf-5 (a T6SS-1 homolog), and P. fluorescens Q2–87 (three T6SS,
including T6SS-1 and T6SS-2 homologs) (Loper et al., 2012;
Supplementary Figure S1). For mixed strain treatments, strains
were grown independently then mixed and applied to filter paper
on solid LB medium, whereas for single strain treatments the
same total volume of the one strain was applied. The population
of each strain in mixture was compared to the populations of
their single strain counterparts to observe any effect on growth.
Competition with 30–84 WT, 1TssA1, 1TssA2, or 1TssA1/2
are shown as separate analyses (Figure 3). All strains grew well
when cultured separately on filters (∼108, and did not differ
statistically, p < 0.05). In competition with P. synxantha 2–79,
30–84 WT and 1TssA1 reduced P. synxantha 2–79 populations,
whereas 1TssA2 and 1TssA1/2 permitted substantial growth of
P. synxantha 2–79 in mixed cultures and the growth of both

P. chlororaphis 30–84 derivatives was reduced. These results
suggest T6SS-2 (which may be randomly firing), but not TSS6-
1 (which may be contact dependent) confers a competitive
advantage to P. chlororaphis 30-84 over P. synxantha 2-79 (which
lacks a T6SS). In contrast, neither of the T6SS had an appreciable
effect on the growth of P. protegens Pf-5, whereas P. protegens
was able to reduce the growth 1TssA1/2 in mixed culture. In
competition with P. fluorescens Q2–87, 30–84 WT and both
single T6SS mutants virtually eliminated P. fluorescens Q2–87,
whereas 1TssA1/2 permitted growth of P. fluorescens Q2–87 in
mixed culture, indicating having at least one T6SS conferred a
competitive advantage to 30–84 WT (Figure 3).

In the rhizosphere, in mixed treatments with P. chlororaphis
30–84 WT or either of the single T6SS mutants and one of
the biological control treatments, none of the competitor strains
(P. synxantha 2–79, P. protegens Pf-5, or P. fluorescens Q2–87)
had a competitive advantage (Figure 4). However, 1TssA1/2
populations were reduced substantially in the presence of
P. protegens Pf-5 and P. fluorescens Q2–87 and reduced somewhat
in the presence of P. synxantha 2–79, suggesting that at least one
T6SS is needed for competitive fitness in mixtures, especially with
the biological control agents having at least one T6SS.

We also examined the importance of one or both T6SS
using the wild type and T6SS mutants in competition
assays with several environmental isolates or plant pathogens
(Supplementary Figure S3). We found that the environmental
isolate P. putida F1 (no T6SS-encoding genes) performed
similarly to P. synxantha 2–79 in mixed culture being inhibited
by P. chlororaphis 30–84 WT and 1TssA1, whereas 1TssA2
and 1TssA1/2 permitted substantial growth. Agrobacterium
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FIGURE 3 | In vitro competition assays. The competitive fitness of 30–84 WT, the single T6SS mutants, 1TssA1 and 1TssA2, and the double mutant, 1TssA1/2
were evaluated by comparing their populations when grown separately or in 50:50 mixtures with other Pseudomonas rhizosphere colonizing bacteria in liquid media.
Data are expressed as competitive ratios (population in mixture/population when grown separately). Gray scale bars (left) indicate performance of 30–84 WT and
derivatives, and colored bars (right) indicate performance of competitors, including P. fluorescens 2–79 (yellow color, having no T6SS), P. protegens Pf-5 (green color,
having a T6SS-1 homolog), and P. fluorescens Q2–87 (purple color, having three T6SS, including T6SS-1 and T6SS-2 homologs). Individual bacterial cultures or
mixture cultures were spotted onto nitrocellulose filters on LB plates and incubated at 28◦C, 5 h. Bacterial cells were washed from filters, collected via centrifugation,
and populations were enumerated after 48 h via serial dilution plating. Data are the mean competitive ratios of five replicates pooled across three experiments
(n = 15) and standard errors are indicated.

tumefaciens C58 and Pseudomonas syringae pv. tomato DC3000,
each have functional T6SS (Petnicki-Ocwieja et al., 2002; Ma
et al., 2014, respectively) but their populations were reduced
substantially when grown with 30–84 WT or either of the
single mutants. When grown with the double mutants both
of these pathogen competitors were able to maintain high
populations. Pectobacterium carotovorum subsp. carotovorum
inhibited the double mutant, but the wild type and the single
mutants were able to coexist with the pathogen (Supplementary
Figure S3). These results indicate that having at least one
T6SS is important for competition against plant pathogens,
with T6SS-2 being important for competition against strains
lacking their own T6SS.

T6SS as an Anti-predation Mechanism
Against Different Types of Bacterivores
In these studies, we employed three different bacterivores having
different feeding styles, including Dictyostelium discoideum a
soil dwelling amoeba that feeds on bacteria at the soil surface
via phagocytosis (Dunn et al., 2018; Williams and Kay, 2018),
Tetrahymena thermophila a ciliate filter/phagocytosis feeder
(Gavin, 1980; Luan et al., 2012; Dürichen et al., 2016), and
the soil-dwelling nematode Caenorhabditis elegans (Avery and

You, 2018). Bacteria used as prey in all feeding assay included
30–84 WT, 1TssA1, 1TssA2, 1TssA1/2, and P. chlororaphis
derivatives deficient specifically in the production of phenazines
(Phz), quorum sensing (QS) signal production, or one or both
T6SS system, e.g., 30–84 WT (Phz+, QS+, T6SS+), 30–84 ZN
(Phz−, QS+, T6SS+), 30–84 I/I2 (Phz−, QS−, T6SS+), 1TssA1,
1TssA2, 1TssA1/2 (Phz+, QS+), and 30–84 GacA (Phz−, QS−,
T6SSreduced).

Dictyostelium discoideum
To test our hypothesis that one or both of the T6SS function in
anti-predation defense against D. discoideum amoeba cells, we
observed the behavior of D. discoideum amoebae when the food
source offered as prey consisted of 30–84 WT, 30–84 ZN, 30–84
I/I2 1TssA1, 1TssA2, 1TssA1/2, or 30–84 GacA. We performed
the assay in two different types of medium: low nutrition
(PBM) and high nutrition (HL5) medium. Because starvation
stress in this amoeba results in aggregation and formation of
multicellular fruiting bodies, we assessed aggregation behavior
(Kessin, 2001). In low nutrition medium, we observed that
after 24 h, D. discoideum cells growing without a bacterium
food source (control) began to thin and stream and formed
extensive aggregates (Figure 5). Similarly, when offered 30-84
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FIGURE 4 | Rhizosphere competition assays. The competitive fitness 30–84 WT, the single T6SS mutants, 1TssA1 and 1TssA2, and the double mutant, 1TssA1/2
were evaluated by comparing their populations when grown separately or in 50:50 mixtures with other Pseudomonas rhizosphere colonizing bacteria in the
rhizosphere. Data are expressed as competitive ratios (population in mixture/population when grown separately). Gray scale bars (left) indicate performance of 30–84
WT and derivatives, and colored bars (right) indicate performance of competitors, including P. fluorescens 2–79 (yellow color, having no T6SS), P. protegens Pf-5
(green color, having a T6SS-1 homolog), and P. fluorescens Q2–87 (purple color, having three T6SS, including T6SS-1 and T6SS-2 homologs). After 28 days,
bacterial populations from the entire root system and loosely adhering soil were collected and enumerated via serial dilution plating. Populations were standardized
to root dry weight. Data are the mean competitive ratios of at least eight replicates pooled across three experiments (n = 24) and standard errors are indicated.

FIGURE 5 | Aggregation behavior of Dictyostelium discoideum grown with different bacterial strains as a food source. Bacteria used as prey in the feeding assay
included 30–84 WT, 1TssA1, 1TssA2, 1TssA1/2, 30–84 GacA, 30–84 I/I2, or 30–84 ZN and E. coli1B (used as a preferred prey in the lab). D. discoideum without
prey bacteria was used as a negative control. D. discoideum cells were grown in 24-well plates in low nutrient PBM media for 24 h and aggregation behavior was
observed using DIC microscopy (100X oil). The D. discoideum control (without prey) showed high levels of aggregation caused by stress due to the lack of nutrition in
the media. D. discoideum growing with 30–84 WT, 1TssA1, 1TssA2, 30–84 I/I2, and 30–84 ZN displayed a similar level of aggregation, indicating that D. discoideum
cannot eat these strains. D. discoideum grown with E. coli1B showed little to no aggregation. D. discoideum growing with 1TssA1/2 and 30–84 GacA treatments
showed similarly low levels of aggregation. Two replicate experiments were performed, and representative images from the same replicate are presented.

WT or derivatives 30–84 ZN, 30–84 I/I2, 1TssA1, or 1TssA2, all
having at least one intact T6SS, extensive aggregation resulted. In
contrast, D. discoideum cells growing with E. coli1B (used in lab

as a preferred prey source) showed no aggregation. D. discoideum
growing with 1TssA1/2 and 30–84 GacA treatments showed no
aggregation, similar to cells grown on E. coli1B, indicating that
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FIGURE 6 | Levels of two starvation markers in Dictyostelium discoideum. D. discoideum AX2 cells were incubated in PBM with the indicated prey strains (30–84
WT, 1TssA1, 1TssA2, 1TssA1/2, 30–84 GacA, 30–84 I/I2, or 30–84 ZN and E. coli 1B) or without prey (negative control) for 24 h. Western blots were stained with
anti-Discoidin I, anti-CsA, or anti-beta-Actin antibodies. Graphs show the levels of (A) Discoidin I or (B) CsA normalized to total actin. Values are mean and standard
error of 2 independent experiments. * Indicates p < 0.01 compared to D. dictyostelium AX2 control (Unpaired t-tests, Welch’s correction).

the D. discoideum was able to gain adequate nutrition by using
these strains as a food source (Figure 5). In HL5 media, little to
no aggregation behavior was seen, consistent with D. discoideum
having adequate nutrition (Supplementary Figure S4). These
results suggest that having at least one functional T6SS causes
D. discoideum stress behavior typically associated with starvation
in low nutrition media, whereas neither the lack of phenazine
or quorum sensing signal production reduced the aggregation
behavior, indicating neither play a significant role in promoting
the stress response.

To confirm that bacterial T6SS induce stress during feeding,
we measured the production of D. discoideum development
markers Discoidin I and Contact site A (CsA). Discoidin I
is a protein involved in adhesion that is detectable at low
levels in vegetative amoeba cells but is expressed at high
levels during aggregation (Springer et al., 1984). CsA is a
glycoprotein involved in cell-cell binding that is expressed
at very low levels in growing cells and is then expressed
during development (Harloff et al., 1989). We found that when
grown without prey (negative control) in low nutrition media,
D. discoideum produced high levels of both Discoidin I and
CsA (Figure 6). When grown with E. coli 1B (preferred
prey) the production of both proteins was significantly lower
compared to the negative control. When grown with 30–84
WT, 30–84 I/I2, or 30–84 ZN as the prey, levels of Discoidin
I and CsA were comparable to the negative control, indicating
that phenazines were not the driving mechanism behind this
response. D. discoideum also produced high levels of both
development markers when grown with 1TssA1 and 1TssA2.
When D. discoideum was grown with 1TssA1/2 or 30–84 GacA,
levels of both proteins were comparable to the E. coli 1B control
(Figure 6). Taken together these results indicate that bacteria
having one or both T6SS causes stress in D. discoideum, which
deters predation.

To determine how D. discoideum predation effects bacterial
fitness, a plate clearing assay was performed in which the
size of the zone of clearing (and D. discoideum spread) after
5 days was used as a measure of bacterial cell death due to

predation. On all plates, the initial colony of D. discoideum
resulted in a clear zone ∼1 cm in diameter after 2 days. After
5 days, the clearing zone on plates containing 30–84 WT,
1TssA1, 1TssA2, 30–84 I/I2, and 30–84 ZN did not increase
significantly i.e., the zones were within 0.05 cm of the clearing
diameter measured at day 2 (Figure 7). The clearing zone
on plates containing the preferred prey E. coli1B or 30–84
GacA grew to 3.0 + 0.2 and 3.8 + 0.02 cm, respectively, and on
1TssA1/2 grew to 1.7 + 0.06 cm. These results indicate that 30–
84 GacA and 1TssA1/2 populations suffered greater losses due to
D. discoideum feeding (Figure 7).

Tetrahymena thermophila
As above, in the feeding assay using the model ciliate
Tetrahymena thermophila CU427, predators were offered the
same single prey choice strains (30–84 WT, 1TssA1, 1TssA2,
1TssA1/2, 30–84 GacA, 30–84 I/I2, 30–84 ZN), and population
densities of the predator in mixed culture were measured
after 4 and 24 h. No significant differences in T. thermophila
population densities were found even after 24 h (Supplementary
Figure S5). However, we also assessed stress related behaviors
of T. thermophila when offered the different prey choices
via a mating assay. Two T. thermophila of different mating
types, CU427 and CU330, were selected for this assay as they
are recognized as “non-self ” cells with different germlines,
and will therefore reproduce (Cervantes et al., 2013). In the
mating assay, T. thermophila were starved prior to their
exposure to the different prey. If T. thermophila continued
to experience starvation stress, this would increase instances
of mating (Cole, 2000-2013). After 4 h, the frequency of
mating was ∼55% for the control (no food source) and
the frequency of mating for 30–84 WT, 30–84 I/I2, or 30–
84 ZN as the food source was similar (62, 53, and 62%,
respectively; Figure 8). Since all three of these derivatives
have wild type T6SS expression, but differ in their ability to
produce phenazines, these data demonstrate that the production
of phenazines did not enhance mating. In contrast, the
frequency of mating was significantly lower for T. thermophila
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FIGURE 7 | Bacterial plate clearing by Dictyostelium discoideum. Bacteria used as prey in the feeding assay included 30–84 WT, 1TssA1, 1TssA2, 1TssA1/2,
30–84 GacA, 30–84 I/I2, or 30–84 ZN and E. coli1B (used as a preferred prey in the lab). The diameter of bacterial lawn cleared by D. discoideum was measured in
cm after 72 h. Lettering indicates significant differences. D. discoideum colonies grown on 30–84 WT, both single mutants, 30–84 I/I2, and 30–84 ZN showed little to
no clearing, indicating low to no bacterial cell death. D. discoideum growing on E. coli1B showed significant levels of clearing. When grown on 30–84 GacA, levels
of clearing similar to the control were observed. When grown on 1TssA1/2, less clearing was observed than on the control, but levels were still significantly higher
than clearing on 30–84 WT and the single mutants, indicating a decrease in bacterial fitness when lacking at least one functional T6SS. Data are the means and
standard error (may be too small to see for some treatments) of four biological replicate experiments (n = 4). Data were analyzed using one-way ANOVA and Student
t-tests, p < 0.05.

growing with 1TssA1/2 or 30-84 GacA (19%, 36%, respectively,
Figure 8). Observations support the hypothesis that having
an intact T6SS causes predator stress, resulting in reduced
levels of bacterivory.

Caenorhabditis elegans
As in the previous experiments, the bacterivorous nematode
C. elegans was offered different prey choices. In this experiment,
5 C. elegans adults were allowed to graze for 1 h on a lawn of
each bacterial strain and then moved successively to a fresh prey-
containing plate every 1 h three more times, enabling nematodes
to lay eggs on each of the plates. Plates were then observed for
72 h at 24 h intervals and adult and juvenile nematodes maturing
from eggs were counted. Well-fed nematodes will mature from
eggs within 72 h.

After 72 h, a large percentage (∼45%) of nematodes grown
on E. coli OP50, the C. elegans normal laboratory food source,
were mature (Figure 9). The percentages of adult nematodes
observed on plates having 1TssA1/2 and 30–84 GacA as food
sources were also high (∼55%), whereas the percentages were
lower when C. elegans was grown on plates having 30–84 WT,
1TssA1, 1TssA2, 30–84 I/I2, or 30-84 ZN as the food source (2,
2, 0, 9.5, and 0.03% adults, respectively) (Figure 9). Moreover,
for plates containing 30–84 WT, 30–84 I/I2, or 30–84 ZN as the
food source, C. elegans avoided the center of the plates where
the bacterial density was greatest, instead moving to the edges
of the plate (Supplementary Figure S6). On plates containing
these prey sources, less than 25% of the plate was cleared
(where clearing indicates bacterial consumption, Supplementary
Table S2). Since these three derivatives have wild type T6SS
expression, but differ in their production of phenazines, these

data demonstrate that the production of phenazines was not
the primary feeding deterrent. Similarly, the nematodes moved
to the outside of the plate and generally cleared less than
25% of the plate when grown on plates containing 1TssA1 or
1TssA2 as the food source. On 1TssA1/2 and 30–84 GacA,
nematodes were found in the center of the plates and often
cleared greater than 90% of the plate (Supplementary Figure S6
and Supplementary Table S2). Data indicate that having either
T6SS is a deterrent to C. elegans feeding, and that C. elegans prefer
prey lacking expression of both.

In silico Identification of Putative
T6SS-Dependent Effectors and Immunity
Proteins
Given the importance of both systems for defense against
competitors and predators, we used a bioinformatics approach
to identify potential T6SS effectors and their predicted modes
of action that may contribute to defense. Neither of the T6SS
clusters in P. chlororaphis 30–84 contain genes previously
annotated as encoding T6SS-dependent effectors. However,
since T6SS-dependent effector genes are often located in
close proximity to genes encoding VgrG, Hcp, or PAAR
proteins, we analyzed the predicted protein sequences of
genes closely associated with all copies of these genes using
BLASTp (Lien and Lai, 2017; Spiewak et al., 2019). Putative
effectors and immunity proteins were identified based on
predicted functional domains and homology to proteins within
established T6SS effector superfamilies. Using this approach,
a diversity of putative T6SS effectors and associated proteins
were discovered and all VgrG- or Hcp-encoding genes, whether
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FIGURE 8 | Tetrahymena mating assay. T. thermophila CU427 and CU330 were grown separately overnight in Tris Buffer (pH = 7.4) to induce starvation. Populations
were standardized to a cell density of 1.5 – 2 × 105/10 mL (via direct counts) in fresh Tris Buffer and mixed together with only the bacterial strain as a food source.
Bacteria used as prey included 30–84 WT, 1TssA1, 1TssA2, 1TssA1/2, 30–84 GacA, 30–84 I/I2, or 30–84 ZN, and the T. thermophila pairs without prey was used
as a negative control. After 4 h, the treatments were viewed using a Leitz (Epivert) microscope (100X magnification), and the frequency of mated cell pairs (number of
mated pairs/total number of observations) determined. Mean frequencies and standard errors are shown. This experiment was repeated three times (n = 3). Letters
denote significant differences. Data were analyzed using one-way ANOVA and Student t-tests, p < 0.05.

located within a T6SS gene cluster or elsewhere in the
genome, were associated with at least one putative effector
(Supplementary Table S3).

Not surprisingly the two T6SS gene clusters harbored
genes encoding different putative effectors. Within the T6SS-
1 cluster, adjacent to an Hcp encoding gene is a gene
encoding a Tae4-like protein (RS17725). Tae (type VI amidase
effectors) family effectors have peptidoglycan amidase activity
and are typically located adjacent to a cognate immunity
protein (Zhang et al., 2013). However, the adjacent gene
encoding a hypothetical protein bears no amino acid sequence
homology to the known Tae4 immunity protein Tai4 and
has no well characterized conserved domains. Also within
the T6SS-1 cluster and adjacent to a VgrG-encoding gene
(RS17755) are two genes encoding hypothetical proteins, one
with a DUF2169 domains. Adapter proteins with the DUF2169
domain were shown to be necessary for the efficient secretion
of T6SS effectors in A. tumefaciens (Bondage et al., 2016).
Located nearby the T6SS-1 gene cluster and associated with
a VgrG-encoding gene (RS17845) are genes encoding three
hypothetical proteins predicted to have lipase (class 3) activity,
be a cytoplasm-localized lipoprotein, or contain a DUF4123
domain. Proteins having a DUF4123 domain may serve as
T6SS effector chaperones (Liang et al., 2015). In the T6SS-
2 cluster, a gene encoding a hypothetical protein (RS29475)
having a lysozyme-like domain similar to the C-terminal
domain of pesticin is flanked by two VgrG encoding genes.
Pesticin is an antibacterial toxin involved in hydrolysis of
the peptidoglycan in the periplasm. Proteins with a pesticin
C-terminal domain are typically involved in the hydrolysis
of beta-1,4- linked polysaccharides (Patzer et al., 2012). Also
in the T6SS-2 cluster and adjacent to one of the VgrG

encoding genes are genes encoding three hypothetical proteins,
one with a DUF4123 domain, one encoding a Tli1-like
immunity protein with a DUF3304 domain shown to be
associated with immunity proteins (Crisan et al., 2019), and one
encoding a Tle1-like phospholipase protein (Ma et al., 2017)
with a DUF2235 domain shown to be common in proteins
containing a MIX (marker for type six effectors) sequence
(Salomon et al., 2014).

Elsewhere in the genome, we discovered genes encoding
putative effectors with predicted activities related to the
breakdown of phospholipids or the production of toxins.
Including the Tle-like effector associated with T6SS-2,
we discovered three putative effectors predicted to have
phospholipase activity, belonging to different phospholipase
effector families: Tle, Tpl, and Pld. A gene encoding a TplE-like
protein (RS20065) is located in a cluster with genes encoding
a VgrG, two putative immunity protein pairs (paralogs),
and a PAAR protein. A gene encoding a putative type VI
secretion phospholipase D effector (Pld) in the same ortholog
group as tle5B in P. aeruginosa PAO1 (RS20580) was located
adjacent to another VgrG encoding gene. In P. aeruginosa
PAO1, adjacent to tle5B are genes encoding three immunity
proteins, each were found to have four, three, or two Sel1-
like repeats (SLR) (Wen et al., 2020). No genes encoding
similar immunity proteins were found in P. chlororaphis
30–84, however, the gene adjacent to pld in P. chlororaphis
30–84 encodes a hypothetical protein with three SLR repeats.
Elsewhere in the genome, a gene encoding a RhsA- like protein
(RS01885) was found within a four gene cluster containing
genes encoding a putative TAP (T6 adaptor protein) protein
with unknown function, VgrG and Hcp. Rhs (rearrangement
hotspot) proteins, typically have multiple repeats of RHS
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FIGURE 9 | Percentage of C. elegans that reach maturity after 72 h. Five adult C. elegans were transferred at 1-h intervals to new prey-containing plates to facilitate
egg laying (a total of four successive transfers), and then the percentage of nematodes maturing to adults were measured every 24 h over a 72-h period. Plates
contained either 30–84 WT, 1TssA1, 1TssA2, 1TssA1/2, 30–84 GacA, 30–84 I/I2, 30–84 ZN, or E. coli OP50 (control) as a food source. Data are the mean and
standard errors of three replicate experiments (four plates/replicate). Data were analyzed using one-way ANOVA and Tukey tests. Letters indicate significant
differences, p < 0.01.

sequences and have been associated with toxicity and bacterial
competition (Koskiniemi et al., 2013; Vacheron et al., 2019).
The arrangement of the four genes is the same as the RhsP2-
containing cluster in P. aeruginosa PA14 previously shown to be
involved in T6SS secretion (Jones et al., 2014). Other putative
effectors and their predicted function are also described in
Supplementary Table S3.

DISCUSSION

Type VI Secretion Systems (T6SS) are known to be involved in
many different types of bacterial interactions with prokaryotes
and eukaryotes, and previous studies showed that in comparison
to bacterial strains lacking T6SS, the presence of a T6SS confers
greater fitness to bacteria in their environments (Haapalainen
et al., 2012; Bernal et al., 2017b). Many bacterial species
possess one to several T6SS and the different T6SS can be
involved in different types of interactions (Chen et al., 2011).
Consequently, possessing more than one T6SS can increase
the repertoire of potential benefits to the strain (Schwarz
et al., 2010). Plant growth promoting pseudomonads may
either lack T6SS or possess one to several different T6SS,
but their importance in activities related to their plant-
associated habitat are not well studied. In the present study,
we describe the structure and organization of two separate
T6SS gene clusters in the PGPB strain P. chlororaphis 30–
84 and provide evidence to support a role for both in
competition against other bacterial species, including other PGPB

and phytopathogens, and protection against different types of
bacterivorous predators.

Bioinformatic analysis revealed that P. chlororaphis 30–84 has
two separate T6SS clusters, each of which contain at least 12
of the 13 conserved T6SS structural proteins, but that the two
clusters are quite different in terms of their organization and
regulation. Comparative genomic analyses suggested that the
two systems are not redundant and differ in their potential for
responding to environmental stimuli. The T6SS-1 gene cluster
contains putative Tag protein-encoding genes, which are involved
in contact dependent firing, and was organizationally similar
to the gene cluster encoding the P. aeruginosa T6SS previously
shown to display dueling behavior (Basler et al., 2013). Together,
these findings led us to hypothesize that T6SS-1 is fired in a
contact dependent manner. The absence of the Tag-encoding
genes in the T6SS-2 cluster led us to hypothesize random
firing of this T6SS (i.e., not contact-dependent). Consistent with
these hypotheses, P. chlororaphis 30-84 derivatives lacking a
functional T6SS-2 (1TssA2 and 1TssA1/2), and thus lacking
random firing, permitted substantial growth of P. synxantha 2–
79 (which lacks a T6SS) in mixed cultures, whereas derivatives
having the T6SS-2 cluster (30–84 WT and 1TssA1) competitively
reduced P. synxantha 2–79 in vitro. We saw the same pattern
of behavior in competition assays using P. putida F1, which
also lacks a T6SS.

Previous studies showed that T6SS are important for the
inhibition of competitors. For example, Bernal et al. (2017a)
showed the biological control strain P. putida KT2440 possesses
three different T6SS and, when all three were disrupted,
control of certain plant pathogens was lost. In the present
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study, we examined competitive fitness both in terms of the
ability of the P. chlororaphis mutants to limit the growth of
challengers and to resist the impact of challenges on their
own growth. We found that P. chlororaphis wild type was
significantly more effective than the double mutant in inhibiting
the growth of several different plant pathogens and even
different rhizosphere-colonizing biological control strains in
mixed cultures in vitro. Moreover, in competition with certain
strains (P. synxantha 2–79, P. protegens Pf-5, Pectobacterium
carotovorum), the population of the double mutant was reduced,
indicating inability to protect itself. Competition assays utilizing
the single mutants showed that, in most cases, having either
system was sufficient for competitor inhibition, although as
noted above there were some exceptions demonstrating that
T6SS-2 was effective against a broader spectrum of competitors
(including those having no T6SS) than T6SS-1. It was interesting
that derivatives having either T6SS system significantly inhibited
P. fluorescence Q2–87 (having three T6SS, including T6SS-1
and T6SS-2 homologs) in mixed cultures in vitro, whereas
P. fluorescence Q2–87 was able to grow in the presence of
the double mutant. These observations are consistent with the
hypothesis that despite having multiple T6SS systems, Q2–
87 may not have immunity to P. chlororaphis 30–84 T6SS
effectors. In some cases, pathogens (Pseudomonas marginalis)
or biological control agents (Pseudomonas putida KT2440) that
were chosen for competition assays were highly sensitive to
phenazine or bacteriocin production and would not grow in the
competition assay even with 1TssA1/2. In other cases, strains
(P. putida F1, P. syringae DC3000) that were shown previously
to be sensitive to bacteriocins produced by P. chlororaphis
30–84 (Dorosky et al., 2017) were able to sustain somewhat
higher populations in mixed culture with the double mutant
compared to wild type, indicating both types of weapons
contribute to competitive fitness against certain Pseudomonas
strains. However, the majority of biological control strains
tested (P. synxantha 2–79, P. protegens Pf-5, P. fluorescens
Q2–87) were neither sensitive to phenazines nor bacteriocins,
highlighting the importance of contact-dependent mechanisms
in a rhizosphere where the antibiotic “resistome,” the collection
of all the antibiotic resistance genes, may be well established
(O’Brien and Wright, 2011).

Interestingly, the rhizosphere habitat offered some protection
from competition, presumably because strains could escape
interaction spatially. In general, 1TssA1/2 was less competitive
than wild type. This deficit is unlikely to be the result of
insufficiency in colonization ability, because 1TssA1/2 colonized
the rhizosphere as well as 30–84 WT in sterile and field soil
in our persistence assay. However, after five harvest cycles
1TssA1/2 populations were significantly smaller than 30–84
WT populations, but only in field soil. The populations of
1TssA2 were also reduced under these conditions, suggesting
that the putatively random-firing T6SS-2 is slightly more
important than the putatively contact-dependent firing T6SS-
1 for P. chlororaphis 30–84 competitive persistence in the
rhizosphere. In this study, we purposely looked at competition
between P. chlororaphis 30–84 and other well-characterized
PGPB strains because these are also known to be good

rhizosphere colonists. Our results highlight the importance of
considering T6SS compatibility when considering multi-strain
mixtures of PGPB.

We also examined the importance of T6SS for protecting
P. chlororaphis 30–84 from predators with different feeding
styles including, D. discoideum, T. thermophila, and C. elegans.
Previous studies using these organisms as host model systems
demonstrated that bacterial T6SS play a vital role in virulence
against D. discoideum and C. elegans and protection against
predation by Tetrahymena (Pukatzki et al., 2006; Sana et al.,
2013; Wang et al., 2018). Our study is unique in that we
examined the effect of each T6SS on the feeding and behavior
of the predators and the impact of predation on bacterial
populations rather than focusing on virulence and killing. For
all three predators, we found that being grown with a bacterial
food source with least one T6SS reduced predator feeding,
increased predator stress, and altered predator behavior relative
to the double mutant. For example, when grown with 30–
84 WT or the single mutants as the primary food source,
D. discoideum formed extensive aggregates, a common stress
response (Kessin, 2001). Levels of developmental proteins related
to aggregation behavior (Discoidin I and CsA) were also high
in D. discoideum populations grown on 30–84 WT or the
single mutants as the primary food source. In contrast, when
grown with the double mutant or 30–84 GacA as the primary
food source, no aggregation was observed, and development
protein levels were reduced. When grown together with the
different prey strains in high nutritional medium, there were
no differences in predator behavior or stress levels, indicating
no limitations to co-existence when there was sufficient food
for the predator. In assays using pre-starved T. thermophila,
mating, a stress related behavior (Cole, 2000-2013), was observed
at high levels only when T. thermophila was grown with 30–
84 WT or the single mutants as the primary food source.
C. elegans also displayed behavior indicating its avoidance of
30-84 WT or single mutants, moving away from where the
bacteria were spotted to the edges of the plates. In contrast,
when grown with the double T6SS mutant or 30–84 GacA
as the primary food source, nematodes were found in the
center of the plates and matured at higher rates. Having at
least one T6SS also had important consequences for bacterial
fitness, resulting in less herbivory of those derivatives with at
least one T6SS than for those without a functional T6SS as
determined from clearing zones in assays with D. discoideum and
C. elegans.

Phenotypic variation resulting from spontaneous mutation
in gacS/gacA is a common problem among Pseudomonas
biological control agents (van den Broek et al., 2005).
Spontaneous gacS or gacA mutants arising in fermentation
culture may outcompete the antibiotic producing wild type,
causing a deficiency in secondary metabolites essential for
biological control activity (Duffy and Defago, 2000). However,
in the rhizosphere P. chlororaphis 30–84 wild type and gac
mutants survive better together than apart (Chancey et al.,
2002) and interact mutualistically in biofilms (Driscoll
et al., 2011), indicating a benefit to maintaining phenotypic
variation for competitive rhizosphere fitness. As in our
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study, previous work by Jousset et al., 2009 demonstrated
that C. elegans and the amoeba, Acanthamoeba castellanii,
preferentially consumed a Pseudomonas protegens (previously
fluorescens) CHA0 gacS mutant – although in their study
they used mixed populations of mutants with wild type.
Jousset et al. (2009) suggested that predator preference for
the gacS mutant was due to loss of quorum sensing and
antibiotic production. Like P. chlororaphis 30–84, P. protegens
CHA0 possesses a diverse arsenal of diffusible weapons as
well T6SS-encoding genes. In the present study, having a
collection of phenazine, quorum sensing, and T6SS mutants
enabled us to demonstrate that the T6SS had an important
role in altering predator feeding and behavior. However as
determined from the plate clearing assays with D. discoideum
and C. elegans, P. chlororaphis 30–84 GacA was somewhat more
aggressively attacked than 1TssA1/2, indicating that other
GacS/GacA controlled phenotypes contribute to defense against
these predators.

Previous work demonstrated a role for T6SS in the delivery
of effectors important for competition and virulence (Russell
et al., 2011; Chen et al., 2015; Bernal et al., 2017b). All effectors
delivered by T6SS studied to date are associated with the needle-
like structure, specifically with either VgrG, Hcp or PAAR
proteins (Ho et al., 2014). We identified a number of potential
effector-encoding genes in the P. chlororaphis 30–84 genome
that could be delivered via T6SS based on their proximity
to genes encoding VgrG, Hcp or PAAR proteins, a method
commonly used for effector discovery (English et al., 2012;
Spiewak et al., 2019). Notably the putative effectors identified
included several genes that may encode proteins with lipase
or phospholipase activity, although the functionality of these
was not specifically addressed in this study. Previous studies
showed that predicted lipases are often encoded adjacent to
vgrG homologs and those associated with T6SS may function to
degrade bacterial membrane phospholipids (Russell et al., 2013).
T6SS secreted phospholipase effectors were shown to increase
virulence against amoebae (Pukatzki et al., 2006; MacIntyre
et al., 2010), and some studies have attributed this to effectors
specifically targeting lipids in the membrane of eukaryotes
(Miyata et al., 2011; Durand et al., 2014; Jiang et al., 2014). The
presence of potential phospholipase effectors in P. chlororaphis
30–84 suggests a potential mechanism for the interaction
observed with eukaryotic bacterivores. Furthermore, the gene
encoding the putative Pld effector is adjacent to a gene encoding a
protein with multiple Sel1-like repeats (SLR). Sel1, first described
in C. elegans, and proteins with SLRs were shown to be important
for signal transduction in both prokaryotes and eukaryotes
(Mittl and Schneider-Brachert, 2007). An effector with multiple
SLRs could indicate another potential mechanism by which
P. chlororaphis 30–84 effectors interact with eukaryotic predators.
In addition, we also found possible effectors with potential
amidase, lysozyme, and peptidoglycan degrading activity as
well as an Rhsp2 homolog. Rhs effectors were shown to have
antibacterial properties and are involved in bacterial competition
(Hachani et al., 2014; Whitney et al., 2014; Alcoforado Diniz
and Coulthurst, 2015). Notably, adjacent to genes encoding
VgrG genes we often found genes encoding proteins with

DUF4123 or DUF2169 domains. These domains were shown
to be utilized in effector chaperoning (Liang et al., 2015)
or secretion (Bondage et al., 2016), suggesting they may be
important for cargo loading and secretion in P. chlororaphis
30-84 T6SS. Although demonstrating the efficacy of potential
effectors was outside the scope of this study, their association with
genes encoding VgrG and proteins with predicted chaperone
domains strongly indicates their potential role as effectors.
The diversity of effectors found and their predicted activities,
portrays likely mechanisms for targeting both prokaryotic and
eukaryotic systems.

In summary, our results demonstrate that in P. chlororaphis
30–84 both T6SS-1 and T6SS-2 serve as defensive weapons
against other rhizosphere colonists that may be completely or
partially resistant to the production of diffusible antimicrobials
and bacteriocins, with T6SS-2 being more important for
competition against strains lacking their own T6SS. Having
at least one T6SS was also necessary for predator defense
whereas loss of phenazine production had little effect on
predation or predator behavior, indicating a greater role for
T6SS than phenazines in defense against the predators we
studied. Interestingly, having only one functional T6SS typically
provided the same level and spectrum of protection as wild
type. One possible explanation is that both T6SS systems
may be capable of interchangeably delivering the repertoire
of effectors, although this remains to be tested. Consequently,
it is noteworthy that most of the groups of vgrG-associated
potential effector genes are widely distributed throughout the
genome rather than being localized within T6SS gene clusters,
and typically one of the associated proteins encoded within
each group shares a conserved domain previously shown to
serve as a T6SS effector chaperone. We speculate that in
contrast to diffusible weapons that may not be produced at
low cell density or that function only after attaining a sufficient
concentration in the environment, T6SS afford rhizosphere
colonizing bacteria an additional more immediate line of defense
against competitors and predators.
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Supplementary Figure S1 | Phylogenetic tree comparing TssB from
P. chlororaphis T6SS-1 and T6SS-2 clusters to known homologs. The amino acid
sequences for TssB from both P. chlororaphis 30–84 T6SS clusters were
compared to the corresponding sequences from individuals within each
established clade referenced in Bernal et al. (2017b) using NCBI BLASTp. The
P. chlororaphis 30–84 amino acid sequences and representative TssB amino acid
sequences from these clades were aligned and a maximum likelihood tree was
constructed using MEGA7. The program FigTree was used to convert the MEGA7
tree into figure format. TssB in the P. chlororaphis 30–84 cluster 1 (indicated by
stars) aligned with sequences in clade 3 whereas the TssB from P. chlororaphis
30-84 cluster 2 (indicated by triangles) aligned predominately with sequences in
clade 1.1 (although a single strain belonging to 4A clustered with it).

Supplementary Figure S2 | Planktonic growth curve and attached biofilm
production. (A) Planktonic growth: bacteria were grown in LB medium at 28◦C
with agitation and populations were measured (OD620) every hour up to 8 h and
then every 2 h from 24 h to 30 hours. Data are the mean and standard error of six
replicates. (B) Attached biofilms: separate wells of 96-well plates were inoculated
with bacteria and grown at 28◦C without agitation for 72 h. After removal of

non-adhering cells, surface-attached biofilms were stained with crystal violet. The
optical density (540 nm) of crystal violet released from the biofilms was used as a
relative measure of biofilm population density. Data are the means and standard
errors of two biological replicates per strain (started from separate colonies) and
five technical replicates performed three times. Strains tested included 30–84 WT,
the single T6SS mutants 1TssA1 and 1TssA2, and the double mutant 1TssA1/2.
Data were analyzed using a one-way ANOVA and Tukey’s tests, p < 0.05. No
significant differences were found.

Supplementary Figure S3 | In vitro competition assays against environmental
isolates and pathogens. The competitive fitness of 30–84 WT and T6SS mutants
against environmental isolates and pathogenic strains were evaluated by
comparing their populations when grown separately or in 50:50 mixtures in liquid
medium. Data are expressed as competitive ratios (population in
mixture/population when grown separately). Gray scale bars (left) indicate
performance of 30–84WT and derivatives, and colored bars (right) indicate
performance of competitors, including P. putida F1 (blue), Agrobacterium
tumefaciens C58 (orange), P. syringae DC3000 (red), and Pectobacterium
carotovorum (green). Individual bacterial cultures or mixed cultures were spotted
onto nitrocellulose filters on LB plates and incubated at 28◦C, 5 h. Bacterial cells
were washed from filters, collected via centrifugation, and populations were
enumerated after 48 h via serial dilution plating. Data are the means (log10
CFU/1 mL) of at least five biological replicates/treatment pooled across at least
two experiments and standard errors are indicated.

Supplementary Figure S4 | Aggregation behavior of Dictyostelium discoideum
grown with different bacterial strains in high nutrition HL5 medium. Bacteria used
as prey in the feeding assay included 30–84 WT, 1TssA1, 1TssA2, 1TssA1/2,
30–84 GacA, 30–84 I/I2, or 30–84 ZN and E. coli1B (used as a preferred prey in
the lab). D. discoideum without prey bacteria was used as a negative control.
D. discoideum cells were grown in 24 well plates in high nutrient HL5 media for
24 h and aggregation behavior was observed using DIC microscopy (100X oil). All
treatments showed no aggregation behavior, indicating no stress. Two replicate
experiments were performed, and representative images are presented from the
same replicate are presented.

Supplementary Figure S5 | Tetrahymena populations after 24 h feeding assay.
Bacteria used as prey in the feeding assay included 30–84 WT, 1TssA1, 1TssA2,
1TssA1/2, 30–84 GacA, 30–84 I/I2, or 30–84 ZN. T. thermophila without prey
bacteria was used as a negative control. Bacterial and T. thermophila cultures
were mixed (5 mL, 20 mL, respectively) and grown in 50 ml tubes with agitation
(200 rpm, 27◦C). After 24 h, T. thermophila populations in mixed cultures were
enumerated via direct counts using a hemocytometer. Data are the means and
standard errors of six replicate experiments. Data were analyzed using a one-way
ANOVA and Student t-tests (p < 0.05). No significant differences were found.

Supplementary Figure S6 | Images of C. elegans on plates containing different
prey after 72 h. Five adult C. elegans were transferred at 1-hour intervals to new
prey-containing plates to facilitate egg laying (a total of four successive transfers),
and then images were taken at 72 h. Images are of the center of the plate where
bacterial cultures were applied. Plates contained either 30–84 WT, 1TssA1,
1TssA2, 1TssA1/2, 30–84 GacA, 30–84 I/I2, 30–84 ZN, or E. coli OP50 (control)
as a food source. Images were obtained using a Zeiss Stemi SV11 scope (26X
magnification) and a Hamamatsu ImagEM EM-CCD camera. Adult nematodes
can be seen on the plates containing 1TssA1/2, 30-84 GacA or E. coli OP50
(1TssA1/2 image contains air bubble), whereas no or only a few, immature
nematodes can be seen on plates with the other prey sources. The experiment
and imaging were repeated three times with four plates/replicate (n = 12) and
representative images from the same replicate are shown.
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Vendula Brabcová1*†, Vojtěch Tláskal1†, Clémentine Lepinay1, Petra Zrůstová1,
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Fine woody debris (FWD) represents the majority of the deadwood stock in managed
forests and serves as an important biodiversity hotspot and refuge for many organisms,
including deadwood fungi. Wood decomposition in forests, representing an important
input of nutrients into forest soils, is mainly driven by fungal communities that
undergo continuous changes during deadwood decomposition. However, while the
assembly processes of fungal communities in long-lasting coarse woody debris have
been repeatedly explored, similar information for the more ephemeral habitat of fine
deadwood is missing. Here, we followed the fate of FWD of Fagus sylvatica and Abies
alba in a Central European forest to describe the assembly and diversity patterns of
fungal communities over 6 years. Importantly, the effect of microclimate on deadwood
properties and fungal communities was addressed by comparing FWD decomposition
in closed forests and under open canopies because the large surface-to-volume ratio
of FWD makes it highly sensitive to temperature and moisture fluctuations. Indeed,
fungal biomass increases and pH decreases were significantly higher in FWD under
closed canopy in the initial stages of decomposition indicating higher fungal activity
and hence decay processes. The assembly patterns of the fungal community were
strongly affected by both tree species and microclimatic conditions. The communities
in the open/closed canopies and in each tree species were different throughout the
whole succession with only limited convergence in time in terms of both species and
ecological guild composition. Decomposition under the open canopy was characterized
by high sample-to-sample variability, showing the diversification of fungal resources. Tree
species-specific fungi were detected among the abundant species mostly during the
initial decomposition, whereas fungi associated with certain canopy cover treatments
were present evenly during decomposition. The species diversity of forest stands and
the variability in microclimatic conditions both promote the diversity of fine woody debris
fungi in a forest.
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INTRODUCTION

Temperate forests represent a significant global sink of carbon
(C) (Harris et al., 2021). Part of the C removed from the
atmosphere is incorporated into tissues of the trees—wood,
leaves, and roots. The amount of C stored in deadwood varies
considerably among natural temperate forests of Central Europe,
reaching up to 550 m3 ha−1 (Christensen et al., 2005; Král et al.,
2010; Seibold et al., 2021). Beech (Fagus sylvatica) forests with
a variable proportion of fir (Abies alba) are among the most
common forests in Central Europe (Krah et al., 2018), where
they represent the natural vegetation of submontane to montane
forests (Bolte et al., 2007). Fine woody debris (FWD, deadwood of
diameter < 10 cm) represents only a small portion of deadwood
stocks in natural forests where snags and coarse wood of fallen
trees are present (Baldrian, 2017; Ricker et al., 2019). Although
the amount of fine deadwood in temperate forests estimated
typically at 2–9 m3 ha−1 (Nordén et al., 2004; Domke et al.,
2016) appears moderate, it represents the dominant stock of
deadwood in managed forests where tree stems are harvested.
Whereas coarse woody debris (CWD) decomposes slowly and
persists over multiple decades (Přívětivý et al., 2018), FWD shows
rapid turnover due to fast decomposition (Müller-Using and
Bartsch, 2009). Moreover, fragmentation of the FWD resource
creates a high variety of habitats and a high number of habitat
patches, leading to a high diversity of fungi (Heilmann-Clausen
and Christensen, 2004). FWD decomposition might be affected
by multiple factors, including tree species, size, and climatic
conditions at a site (Berbeco et al., 2012; Ricker et al., 2016), with
reported rates of mass loss of 0.17–0.25 year−1 (Fasth et al., 2011;
Ostrogović et al., 2015).

In forest ecosystems, deadwood decomposition represents one
of the paths of nutrient input into soils (Peršoh and Borken,
2017; Šamonil et al., 2020). These nutrients originate in the plant
biomass (Šamonil et al., 2020) or, in the case of nitrogen, are
fixed from the atmosphere by deadwood bacteria (Rinne et al.,
2017; Tláskal et al., 2021) and enter topsoil after full deadwood
decomposition. Deadwood is also one of the most important
factors contributing to the maintenance of biodiversity in forests
(Stokland et al., 2012; Seibold et al., 2015). Namely, it is a
habitat and a nutrient source for a wide range of organisms,
including microorganisms, fungi and bacteria (Johnston et al.,
2016; Větrovský et al., 2020; Tláskal and Baldrian, 2021). Due
to filamentous growth, possession of extracellular enzymes and
the ability to acidify their substrate, fungi are efficient in the
colonization of large patches of wood and its utilization, despite
the recalcitrance, fluctuating moisture content and low nitrogen
content of this substrate.

The study of fungi on decomposing wood in the past
typically targeted CWD (Rajala et al., 2012; Arnstadt et al.,
2016; Baldrian et al., 2016), except for the pioneering studies
analyzing microbes on decomposing Salix caprea twigs (Angst
et al., 2018) or substrate preferences of fungi on deadwood
of various sizes (Juutilainen et al., 2017). Fungal communities
of FWD were typically studied by fruitbody surveys, although
the fruitbody approach has several important limitations, such
as limited sporocarp production on small woody resources

(Ovaskainen et al., 2013). FWD was reported to support higher
fungal diversity than the CWD of a corresponding volume
(Heilmann-Clausen and Christensen, 2004; Nordén et al., 2004;
Bässler et al., 2010). In a comparative survey, 75% of Ascomycota
and 30% of Basidiomycota species were found exclusively on
FWD (Nordén et al., 2004), and the majority of wood-inhabiting
basidiomycetes were found on branches with diameters < 5 cm
(Küffer and Senn-Irlet, 2005). Conventional forest management
practices remove CWD and change microclimate conditions due
to manipulation of the canopy (Bässler et al., 2014). Under such
conditions, FWD at clearcuts and in forest stands can serve as an
important refuge for wood fungi (Nordén et al., 2004; Küffer and
Senn-Irlet, 2005; Juutilainen et al., 2014).

Multiple factors affect fungal communities on deadwood,
including tree species, deadwood size or wood decay stage
(Juutilainen et al., 2014; Atrena et al., 2020), but among stand-
level variables, canopy gaps are also important (Krah et al., 2018;
Atrena et al., 2020). The effect of tree species is broadly attributed
to the species-specific differences in deadwood properties,
namely, in density, content of nitrogen or the amounts and
origins of phenolics and other extractives such as resins. These
factors lead to different decomposition rates, organismic diversity
and successive changes in the compositions and activities of wood
decomposing fungal communities (Kahl et al., 2017; Angst et al.,
2019). pH and the carbon/nitrogen ratio are strong predictors
of the fungal community composition affecting the abundance
of dominant fungal taxa (Lepinay et al., 2021a), and their
changes goes hand-in-hand with successional changes in fungal
communities. Fungi with different morphological traits inhabit
deadwood of different qualities, leading to the specialization
of the fungal communities and organismic diversity of fungal
colonizers (Purhonen et al., 2020). The canopy openness of
forests is closely related to their temperature buffering capacity
(Frey et al., 2016; De Frenne et al., 2019). Forest gaps are
characterized by an increased respiration rate (Forrester et al.,
2012), elevated summer temperatures, higher solar radiation,
and changed soil water content (Scharenbroch and Bockheim,
2007). Considering that climatic factors are the primary drivers
of fungal distribution (Větrovský et al., 2019), FWD seems to
be especially sensitive to actual microclimatic conditions due to
its high surface-to-volume ratio (Bässler et al., 2010). However,
the extent to which microclimate affects fungi in decomposing
FWD is not known.

In this study, we set up an experiment where the fates of
the FWD of beech (Fagus sylvatica) and fir (Abies alba), the
two main tree species of the temperate forests of central Europe
at elevations of 750–900 m a. s. l., were followed for 6 years
under open and closed canopies. The aim was to determine
the factors affecting the assembly of fungal communities during
decomposition and assess the size and relative importance of
the effects of microclimate and the host tree. Experimental
plots with sunny gaps surrogated the changed microclimatic
conditions caused by natural disturbances such as windstorms,
insect outbreaks, or forest management. The frequency of these
events has increased in the temperate zone, and they have more
pronounced effects in managed forests than in unmanaged forests
(Sommerfeld et al., 2018). The length of the experiment covered
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an extended part of FWD decomposition and lasted until 2017,
when mass loss and fragmentation made it impossible to follow
FWD at certain locations.

We hypothesized that beech and fir FWDs are inhabited by
a substantial share of tree species-specific fungal taxa and tree
species are therefore the key factor affecting fungal community.
Host tree species were reported as an important driver of fungal
community development on coarse deadwood (Nordén et al.,
2004; Baber et al., 2016; Krah et al., 2018; Atrena et al., 2020),
although not equally strong in all cases (Baldrian et al., 2016).
We expected a high share of r-selected species, namely, molds
and yeasts (Mašínová et al., 2018; Algora Gallardo et al., 2021), in
the earlier stages of fine deadwood decomposition, similar to the
decomposition of leaf and plant litter (Voříšková and Baldrian,
2013). We further hypothesized that higher canopy openness
results in decreased decomposition due to harsher conditions
and selection of specific taxa adapted to the actual microclimatic
conditions. To evaluate the importance of the FWD as an
ecosystem component, we also quantified the amount of FWD
present in the temperate forest of the study area representing the
typical managed forest in the mountains of Central Europe.

MATERIALS AND METHODS

Study Area and Experimental Design
The experimental sites were located in the management zone
of the Bavarian Forest NP in Germany (48.9◦ N, 13.3◦E). The
management zone covers an area of 6,000 ha that surrounds the
18,000 ha core zone of the national park. The area is characterized
by montane mixed forest consisting of European beech (Fagus
sylvatica L.), Silver fir (Abies alba Mill.) and Norway spruce
[Picea abies (L.) H. Karst] (Bässler et al., 2010). The sampling
design was a part of the broader experimental design described
in Krah et al. (2018). In autumn 2011, freshly cut branches of
fir and beech were deposited on 64 plots and arranged in a
random block design with four spatially independent blocks. The
branches (fine woody debris, FWD) had diameters of 3.2 ± 1.3 cm
and lengths of 2.7 ± 0.9 m. These branches were taken from
trees of the same age that were harvested from the same forest
stand. The origin of the branches was identical and branches
were randomly distributed across study sites to mitigate the
potential effect of communities of fungal endophytes inhabiting
individual branches on fungal community development. Each
block contained randomly located sets of plots with either fir or
beech branches or both. The mixture of fir and beech deadwood
represented the factor of forest stand tree diversity. Within
each block, two plots per treatment (fir, beech, or mixed) were
set under open or closed canopies (Supplementary Figure 1).
Canopy openness was used as a surrogate for stand microclimates
(Müller et al., 2015; Seibold et al., 2015; Krah et al., 2018; De
Frenne et al., 2019). The sunny open canopy plots were the
result of clearings where an area of 0.1 ha was freed from
living and dead trees. To avoid shading by a dense grass layer
surrounding the deadwood on sunny plots, each plot was mowed
once a year during the growing season as described previously
(Seibold et al., 2016a,b). The daily peak temperatures of the

deadwood surfaces in summer were measured in the sunny and
shady plots. The mean values were much higher in sunny plots
(∼30◦C) than in the closed canopies (∼15◦C) (Müller et al.,
2020). All experimental plots were sampled annually in October
from 2012 to 2017.

Fine Woody Debris Census
To quantify the local stock of FWD within the unmanaged forest,
FWD was collected from the litter surface and organic horizon of
soil in thirty-six 2 × 2 m squares located close to the experimental
sites. All FWD inside the square was collected, as well as the FWD
intersecting the eastern and southern borders of the square, while
the FWD intersecting the western and northern borders was
disregarded. The FWD was classified into three size categories
(diameters of the thicker end of the FWD of 0.5–1.5, 1.6–5.0, and
5.1–10.0 cm). Per-square counts and masses of the FWD were
recorded. FWD from each size category was subsampled and
weighed before and after air-drying to assess dry mass content.
The per-square FWD mass was estimated by multiplying the
wet mass per plot by the relative dry mass content of each size
category. Collected FWD was not used in set experiment as it
included FWD of different decay length.

Sampling, Sample Processing, and
Analysis
One composite FWD sample was obtained from each selected
branch. It was obtained from two vertical drillings of the branch
in its center using an electric drill equipped with a 10 mm
diameter auger across the entire diameter of the branch. The
drilling points were placed evenly along the branch, avoiding
the close proximity of the ends of the branch. The auger was
sterilized between drillings, and the dust from all drilling points
was collected in sterile plastic bags and frozen within a few
hours after drilling. In total, 2 beech or 2 fir samples were taken
from each block from plots containing only beech or fir, and
2 beech and 2 fir samples were taken from plots containing
mixed deadwood, resulting in 4 beech and 4 fir composite
samples per canopy type. Thus 64 samples in total were taken
annually (Supplementary Figure 1), resulting in a total of 384
samples in the study.

The drilled materials were weighed in the laboratory and
freeze-dried to estimate the deadwood dry mass. Next, it
was milled using an Ultra Centrifugal Mill ZM 200 (Retsch,
Germany), and the resulting fine powder was used for the
subsequent analyses. Dry mass content was based on the loss
of mass during freeze-drying, and pH was measured after
mixing with distilled water (1:10 w:vol). The wood C and N
contents were measured using an elemental analyzer in an
external laboratory of the Institute of Botany of the Czech
Academy of Sciences, Průhonice, Czech Republic, as described
previously (Větrovský and Baldrian, 2015). C was measured using
sulfochromic oxidation, and the nitrogen content was estimated
by sulfuric acid mineralization with the addition of selenium
and sodium sulfate and conversion to ammonium ions, which
were measured by a segmented flow analyzer (SFA), Skalar. To
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FIGURE 1 | Fungal biomass (E) and changes in physicochemical compositions (A–D) of fine beech and fir deadwoods during decomposition in a natural temperate
forest. Data represent the mean ± SE of 16 samples per treatment and timepoint (years).

quantify fungal biomass, total ergosterol was extracted using 10%
KOH in methanol and analyzed by HPLC (Šnajdr et al., 2008).

Extraction and Analysis of Environmental
DNA
Total genomic DNA was extracted from 200 mg of freeze-
dried material using the NucleoSpin Soil Kit (Macherey-Nagel,
Germany) according to the manufacturer’s instructions (Baldrian
et al., 2016). Briefly, cells were lysed using SL1 lysis buffer.
Enhancer SX was added prior to lysis. The samples were
homogenized using FastPrep-24 (MP Biomedicals, Santa Anna,
United States) at 5 m s−1 for 2 × 30 s. In the last step, DNA
was eluted from the columns using 50 µl of deionized water. One
extraction per sample was performed.

For the microbial community analysis, PCR amplification of
the fungal ITS2 region was performed using barcoded gITS7 and
ITS4 primers (Ihrmark et al., 2012) in triplicate PCRs per sample
as described previously (Baldrian et al., 2016). PCRs contained
2.5 µl of 10 × buffer for DyNAzyme DNA Polymerase, 0.75
µl of BSA (20 mg ml−1), 1 µl of each primer (0.01 mM), 0.5
µl of PCR Nucleotide Mix (10 mM each), 0.75 µl polymerase
(2 U µl−1 DyNAZyme II DNA polymerase 1: 24 Pfu DNA
polymerase) and 1 µl of template DNA. Cycling conditions were
94◦C for 5 min, 35 cycles of 94◦C for 1 min, 62◦C for 1 min,
and 72◦C for 1 min, and a final extension at 72◦C for 10 min.
PCR triplicate reaction products were pooled and purified, and
amplicon libraries prepared with the TruSeq DNA PCR-Free
Kit (Illumina) were sequenced in house on the Illumina MiSeq
(2 × 250-base reads).

The amplicon sequencing data were processed using the
pipeline SEED 2.1.1 (Větrovský et al., 2018). Briefly, paired-
end reads were merged using fastq-join (Aronesty, 2013). The
ITS2 region was extracted using ITS Extractor 1.0.11 (Bengtsson-
Palme et al., 2013) before processing. Chimeric sequences were
detected using Usearch 11.0.667 (Edgar, 2010) and deleted, and
sequences were clustered using UPARSE implemented within
Usearch (Edgar, 2013) at a 97% similarity level. The most
abundant sequences were selected from each cluster, and the
closest hits at the species level were identified using BLASTn
against UNITE (Nilsson et al., 2019). Where the best hit showed
lower similarity than 97 with 95% coverage, the best genus-
level hit was identified. Species-level analyses were performed
on a dataset where OTUs belonging to the same species were
combined and all other OTUs were combined into the genus of
the best hit and designated “sp.” Sequences identified as Fagus
sp. or Abies sp. were discarded similarly as well as non-fungal
sequences. Sequencing data have been deposited in the SRA
database under BioProject accession number PRJNA671809.

To assign putative ecological functions to the fungal OTUs,
the fungal genera of the best hit were classified into ecological
categories (e.g., white rot, brown rot, saprotroph, plant pathogen,
ectomycorrhiza) based on (Põlme et al., 2020). Fungal OTUs not
assigned to a genus with known ecophysiology and those assigned
to genera with unclear ecology remained unclassified.

Data Processing and Statistics
Succession time was defined as the average position of a taxon
in succession considering its relative abundance over time, and
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the duration of occurrence was defined as the time span covering
90% of the taxon relative abundance as defined and calculated
previously (Štursová et al., 2020). Tree or canopy specificity
was defined as the strength of association of the taxon with
one particular tree or canopy type and calculated as the sum
of abundances in beech deadwood (closed canopy deadwood)
divided by the sum of abundances in all samples. A value of 1
corresponds to a taxon exclusively found on beech deadwood.
A value of 0.5 assigned to a taxon indicates that it is equally
abundant on beech and fir deadwood. A value of 0 assigned to
a taxon indicates that it is exclusively found on fir deadwood.
For canopy openness, a value of 1 corresponds to a taxon
exclusively found under the closed canopy and 0 corresponds
to a taxon exclusively found under the open canopy. Taxa with
tree specificities between 1.0 and 0.95 were considered beech-
specific (or closed canopy-specific, respectively), and those with
specificities between 0.05 and 0.00 were considered fir-specific (or
open canopy-specific, respectively).

Statistical analyses were performed in PAST 4.031 and
R (R Core Team, 2020). Two-dimensional non-metric
multidimensional scaling (NMDS) ordination analysis on
Euclidean distances was used to address the dissimilarity
of the fungal community compositions based on Hellinger-
transformed relative abundances. NMDS was performed in R
with the package vegan, function metaMDS (Oksanen et al.,
2020; R Core Team, 2020). Variables were fitted to the ordination
diagram as vectors with 999 permutations and included pH, as
well as the C and N and ergosterol contents. Diversity estimates
(Shannon–Wiener index, OTU richness, Chao 1, and evenness)
were calculated for a dataset containing the relative abundance
of 2,000 randomly selected sequences from each sample in SEED
2.1.1 (Větrovský et al., 2018). Differences in the environmental
variables (pH, C, N, C/N, ergosterol, and water contents) were
tested using a linear mixed model (LMM, function lmer) with
log-transformed data. For the LMM, the effect of explanatory
variables, i.e., tree species, canopy openness and their interaction,
over decomposition time were tested by considering time and
plot identifiers (the same plots were repeatedly measured over
time) as random effects. Differences between the explanatory
variables were also tested for each time separately using two-
way ANOVA or the non-parametric Kruskal–Wallis test and
Tukey–Kramer HSD test on log-transformed data. Mantel tests
with 99,999 permutations were used to examine the correlations
between data matrices, and Euclidean distances were used for
all variables except community data. One-way or two-way
PERMANOVA tests with 9,999 permutations were used to
examine the effects of treatments on fungal communities.
Spearman rank correlations were used as a measure of the
relationships between variables. Variation partitioning analyses
on Hellinger-transformed OTU abundances were performed
to identify the parts of the variance explained by tree species
and canopy openness for the whole dataset and with length
of decomposition, canopy openness and wood chemistry (i.e.,
N, C, C/N and pH) for each tree species independently. Data
were rarefied to 2,000 sequences. The “varpart” function from

1https://www.nhm.uio.no/english/research/infrastructure/past/

the “vegan” R package was used (Oksanen et al., 2020). The
importance values of the obtained variances were determined
with Monte Carlo permutation tests. In all cases, differences at
P < 0.05 were considered statistically significant.

RESULTS

Abundance and Moisture of Fine Woody
Debris
The abundance of fine woody debris at the tested small-scale plots
of 2 × 2 m exhibited high spatial variability, and their masses
ranged from 1.4 to 11.50 t ha−1 dry mass (90,000–230,000 pieces
per ha). On average, 5.3 ± 2.8 t ha−1 fine woody debris was
recorded. This was composed of 1.0 ± 0.5 t ha−1 (19%) of twigs
with diameters of < 1.5 cm, 1.9 ± 1.3 t ha−1 (35%) of branches
with diameters between 1.6 and 5 cm, and 2.4 ± 2.7 t ha−1 (46%)
of branches with diameters between 5.1 and 10 cm. The mean
moisture content of fine woody debris was 26.2 ± 1.8% and it was
almost equivalent in all size classes (Supplementary Figure 2).

Properties of Fine Woody Debris During
Six Years of Decomposition
The chemical and nutritional compositions of FWD differed
considerably between tree species. Beech and fir were
characterized by different C:N ratios in the first year of
decomposition [beech C:N = 154 ± 5, fir C:N = 270 ± 7,
F(1, 57) = 231.66, P < 0.001] due to the lower content of N
in fir deadwood [0.27 ± 0.01% in beech, 0.16 ± 0.00% in fir,
F(1, 57) = 145.70, P < 0.001]. Overall, the carbon contents
increased during decomposition (LMM: χ2 = 5.89, P = 0.015),
while the N contents fluctuated over time (LMM: χ2 = 0.04,
P = 0.834). Beech deadwood had, on average, higher moisture
content over the whole experiment, and increased in time.
Canopy cover had no effect on deadwood moisture content at
the time of sampling in October (Figure 1). The pH of both tree
species decreased steadily from 5.3 to 4.0 during decomposition
(LMM: χ2 = 14.56, P < 0.001). Beech deadwood differed in
pH from fir deadwood only in the first year [F(1, 57) = 9.41,
P = 0.003]. The pH was significantly lower under the closed
canopy in years 2 and 4 of decomposition [F(1, 58) = 4.97,
P = 0.030 and F(1, 58) = 8.49, P = 0.005, respectively]. The
diversity of the deadwood in the plots (single tree or mixed
species) had no effect on the deadwood pH, deadwood moisture,
or nutrient contents [F(1, 58) < 0.56, P > 0.457 for all estimates].

Fungal Biomass and Community
Compositions in the Different Types of
Fine Woody Debris
The fungal biomass content quantified as ergosterol was
significantly higher in beech than in fir deadwood throughout
the whole experiment (LMM: χ2 = 16.61, P < 0.001). On average
it was twice as high (Figure 1). While the ergosterol content in
beech deadwood increased steadily during the whole experiment
from 31 µg g−1 in year 1 to 110 µg g−1 in year 6, in fir deadwood,
it increased only within the first 5 years from 10 to 48 µg g−1
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and then remained stable. The canopy cover effect was important
after 1 year of decomposition, with higher fungal biomass under
the closed canopy [F(1, 58) = 24.13, P < 0.001; Figure 1]; higher
diversity of deadwood origin on the plot had no effect on fungal
biomass [F(1, 58) = 2.51, P = 0.115 for fir and F(1, 58) < 0.01,
P = 0.949 for beech].

The fungal diversity estimated as species richness or the
Chao-1 index was significantly higher in fir FWD in canopy
gaps than under closed canopy gaps (P < 0.0001). The species
richness overall was highest in beech FWD after 5 years of
decomposition, and in fir FWD after 4 years of decomposition
while it decreased later (Supplementary Figure 3). Among
the potential drivers of fungal community composition, one-
way PERMANOVA and variation partitioning analyses showed
that tree species, canopy cover and time were all significant
(P < 0.0001, one-way PERMANOVA). Most of the variation
was explained by tree species (8.3%) and canopy cover (8.0%)
(Supplementary Figure 4). Within the separate beech and fir
deadwoods, the canopy type and time as well as their interaction
had significant effects on fungal communities (P < 0.0001, two-
way PERMANOVA). Time had clearly a lower impact on fungal
community composition than tree species and canopy type (tree
F = 24.3, canopy F = 26.6, time F = 5.2, all P < 0.0001). Canopy
cover explained 11.8 and 12.7% of the detected variability in
beech and fir FWD, respectively (Supplementary Figures 4B,C).

Based on the data of all OTUs with relative abundances over
0.5% in three or more samples, fungal communities detected in
beech and fir FWD clustered separately, as well as in the case of
the different canopy types (Figure 2A). Although the stress value
of NMDS was high, the results were supported by other statistical
results. Over time, fungal communities underwent changes but
remained treatment-specific. The most important differences
were detected in the initial stage of decomposition. Although
the composition of communities tended to converge, treatments
remained clearly separated even after 6 years of decomposition
(Figure 2A). The increased diversity of deadwood origin present
on site did not clearly affect the community structure. However,
detailed PERMANOVA revealed a marginal effect of increased
FWD diversity on fungal community structure composition in
fine beech deadwood (P = 0.054) but not in fine fir deadwood
(P = 0.275).

The fungal communities in fine beech and fir deadwoods were
characterized by continuous changes in the relative abundances
of Ascomycota and Basidiomycota. Among other fungal phyla,
only Mucoromycota were more abundant in fir deadwood
under the closed canopy in approximately the middle of
the decomposition, where the share of their sequences was
approximately 7%. The fungal community in beech FWD in year
1 was dominated by the sequences of Ascomycota (75%). With
time, it initially decreased to 35% and later increased to 57% at
the end of the experiment. The share of Basidiomycota sequences
reached its maximum in the middle part of the experiment at 64%
(Figure 3A). The share of Ascomycota was substantially higher,
by 19–52% under the open canopy during the whole course
of the experiment.

At the order level, beech deadwood under the closed canopy
was dominated by Xylariales, which were gradually replaced by

FIGURE 2 | Non-metric multidimensional scaling of decomposing fine
deadwood of beech and fir under different microclimatic conditions in a
natural temperate forest based on dissimilarities among samples. Analysis
was based on Euclidean distances on Hellinger-transformed relative
abundances. Vectors indicate environmental variables with significant
correlations with NMDS results (P < 0.05). (A) Samples are represented by
points. OTUs with relative abundances over 0.5% in at least three samples
were included. (B) Each point represents the abundant species and its
specificity for substrate and microclimatic conditions. The size of the point is
scaled based on the relative average abundances in all samples. Species with
maximal abundances over 5% in at least three samples are displayed.

Polyporales, whereas a high share of Coniochaetales or Helotiales
was observed at the end of the experiment under the open
canopy (Figure 3B). Fir FWD under the closed canopy was
initially dominated by Helotiales and Russulales, while the shares
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FIGURE 3 | Succession of fungi in decomposing fine beech and fir
deadwoods in a natural temperate forest. The data represent the means of 16
samples per treatment for fungal orders (A) and species (B). Fungal orders
and species with average abundances over 0.5% are included. Lines separate
Ascomycota and Basidiomycota.

of Agaricales and Polyporales increased with time. In contrast,
the fungal community of fir deadwood decomposing under
the open canopy was phylogenetically diverse, with higher
shares of Coniochaetales, Chaetotriales, Helotiales, Russulales, and
Gloephyllales (Figure 3).

Initially, both tree species were mainly colonized by
fungi classified as saprotrophs (60% beech and 50% fir
deadwood) with some share of white-rot fungi (18 and 34%,
respectively) and plant pathogens (14 and 7%, respectively)
under the closed canopy. Later, white-rot fungi dominated
the decomposition of both deadwood species. Relatively higher
shares of ectomycorrhizal fungi (up to 4% in beech and 9% in fir)
were occasionally observed in the later phases of the experiment
under a closed canopy. Brown-rot fungi increased in the later
phases of fir decomposition, where their sequences represented
up to 9% (Figure 4). The abundance of yeasts was clearly
increased in fir deadwood under the open canopy, by an average
of 2.6-fold compared to the closed canopy, and the same was
observed in beech deadwood at the end of the experiment. Two-
way PERMANOVA (Bray–Curtis distance, 9,999 permutations)
revealed that in beech deadwood, only the time of decomposition

FIGURE 4 | Diversity of fungal ecophysiological groups in fine beech (Fagus
sylvatica) and fir (Abies alba) deadwoods decomposing in a natural temperate
forest. Data represent means from 16 samples from 4 sampling sites.

(P = 0.0001) but not the canopy type (P = 0.1852) affected
the share of fungi with different ecologies. In contrast, on fir,
time (P = 0.0001), canopy (P = 0.0001) and their interaction
(P = 0.0005) had significant effects. The increased diversity of the
mixed FWD did not affect the fungi share of ecological groups.

The vast majority of fungal taxa were detected only over
a limited timeframe in succession (Figure 5). The durations
of occurrence were variable among the fungi but very often
they were limited to a few years, indicating fast community
turnover. Regardless of the deadwood species or canopy type, the
fungi present in the initial decomposition had low occurrence
durations (typically 1–2 years), while those fungi that first
appeared at intermediate and late stages of the experiment were
sometimes present for 4 or more years (Figure 5). Most of the
highly abundant fungi were restricted to only beech deadwood
(34%) or to only fir deadwood (23%). The vast majority of the
fungi did not prioritize according to the canopy type (58% in
beech, 73% in fir deadwood), yet as much as 19 and 10% of the
fungi were closed canopy-specific in beech and fir deadwoods,
respectively (Figure 2B). Tree species-specific fungi were present
throughout the decomposition. However, their highest shares
were observed at the beginning of decomposition, where tree-
unspecific fungal species with calculated specificity <0.95 are
largely missing. Canopy-specific fungi were present in equal
shares over the decomposition (Figure 6). The calculated
succession times of the commonly present fungal species did not
significantly differ in beech or fir deadwoods, nor under open or
closed canopies (Supplementary Figure 5).

Among fungi with high relative sequence abundances in
beech deadwood under a closed canopy, Hypoxylon fragiforme,
Polyporus gayanus, and Massarina eburnea were typical during
early decomposition. Later, those and Phanerochaete sordida,
Phanerochaete affinis, Annulohypoxylon cohaerens, and Phlebia
radiata were replaced by Marasmius alliaceus and Phialocephala
glacialis at the end of the decomposition. Decomposing
fir deadwood under closed canopy was in the early phase
dominated by Helicodendron websteri, Stereum sanguinolentum,
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FIGURE 5 | Continued
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FIGURE 5 | Successional development of the fungal communities in beech (Fagus sylvatica) and fir (Abies alba) fine deadwoods decomposing under closed and
open canopies in a natural temperate forest. All taxa with abundances above 1% in 3 yearly observations or maximum relative abundances in any single year over
2% were considered.

Aleurodiscus amorphus, Lachnellula subtilissima, Diaporthe
conorum followed by Zalerion arboricola. From the second
year of decomposition, Stereum sanguinolentum dominated the
fungal community and was later accompanied by Amylostereum

chailletii, Lactarius helvus, and Mycena galopus. The late
phase community typically had higher shares of sequences
of Phanerochaete sordida, Dacrymyces sp. and Megacollybia
platyphylla. Under the open canopy, Hypoxylon fragiforme is a
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typical fungus in the first years of decomposition, but in addition
to this, Trametes hirsuta, Diatrype stigma, Auricularia polytricha,
and Lecanora sp. were also found at high sequence abundances.
The late phase of decomposition under the open canopy typically
contained Phialocephala dimorphospora, Polyporus ciliatus, and
Sistotremastrum niveocremeum. The fir deadwood under the
open canopy initially showed a higher diversity of abundant
fungal taxa with high shares of Candida silvicola, Diaporthe
conorum and Sydowia polyspora. Further on, Coniochaeta
lignicola, Coniochaeta hoffmannii, and Gloeophyllum sepiarium
dominated the fungal community, along with Corynespora sp.,
Helicodendron websteri, and Exophiala sp. These taxa were
replaced by Phanerochaete sordida and Dacrymyces sp. at the end
of the decomposition (Figure 5).

Only a few highly abundant taxa exhibited low substrate
specificity and were present in both deadwood species. This
was the case for Coniochaeta lignicola, Phanerochaete sordida,
Mycena galopus, and Megacollybia platyphylla (Supplementary
Figure 6). The share of fungi common to both tree species
increased over time and declined shortly before the end of the
experiment, which was similar to the diversity of the fungal
decomposer community overall. Their preferences for certain
succession stages were mostly similar in beech and fir deadwoods
(P < 0.0001, R2 = 0.6999). Similarly, the succession times of
fungi without canopy specificity did not differ (P < 0.0001,
R2 = 0.8994, beech deadwood; P < 0.0001, R2 = 0.6842, fir
deadwood) (Figure 6).

DISCUSSION

Fine Woody Debris in the Forest
Ecosystem
The stock of fine woody debris present in the management
zone of the Bavarian Forest NP was estimated at 5.3 t ha−1

(∼17.5 m3 ha−1), which is within the range previously reported
in temperate broadleaf forests (Nordén et al., 2004). However,
this estimated deadwood mass is considerably smaller than that
estimated for natural beech-dominated forest reserves that is rich
in dead tree trunks (coarse woody debris, CWD) and can have
130–300 m3 of woody debris per hectare (Christensen et al.,
2005; Král et al., 2018). Calculated amount of FWD roughly
corresponds to the recently reported quantity of coarse woody
debris in European forests across all management types that
reached only 11.5 m3 ha−1 (Forest Europe, 2015). This is the
consequence of intensive forest management, where the total
amount of deadwood is limited to 10–20% of its original mass.
That is caused mainly by extracting the CWD (Müller-Using and
Bartsch, 2009). Fine woody debris (with diameters < 10 cm)
thus currently represents the bulk of the deadwood stock in
the majority of the managed forest ecosystems in Europe. More
importantly, the C flux through FWD is much faster than that
through CWD. A recent analysis showed that 50% of mass from
beech CWD is lost within 25–38 years in warm humid climates
corresponding to the Bavarian Forest NP. The higher value is for
CWD with diameters > 55 cm, while the lower value is for CWD
with diameters of 10–25 cm (Přívětivý et al., 2016). The values

for fir wood are comparable (Přívětivý et al., 2018). Compared
to that, 50% of the mass loss of FWD is achieved considerably
faster, within 7 years (Angst et al., 2018; Přívětivý et al., 2018).
The FWD turnover is thus roughly 5 times faster than of CWD
and we observe only one fifth of the deposited FWD over the time
equal to lifespan of CWD. Therefore, the stock of 5.3 t ha−1 of
FWD recorded in the Bavarian Forest NP would thus correspond,
in terms of yearly production, to a stock of 26.5 t ha−1 (or
approximately 90 m3 ha−1) of CWD, which is approximately half
of the values observed in unmanaged forests (Král et al., 2010).
Undoubtedly, the contribution of FWD to the flow of complex C
compounds and other nutrients temporarily stored in wood into
soil is highly important.

Fine Woody Debris Decomposition
Our experiment allowed us to analyze the FWD decomposition
until the branches at certain locations disintegrated and thus it
covered a large proportion of the FWD lifespan. The rapid decay
progress was demonstrated by the increasing ergosterol content,
deadwood moisture and wood pH decrease, both of which
reflect the activity of fungal wood decomposers (Baldrian et al.,
2016; Lepinay et al., 2021a,b; Přívětivý and Šamonil, 2021). The
higher ergosterol contents and moisture of beech FWD suggest
their faster decomposition, as already described for identical
tree species (Přívětivý et al., 2016; Kahl et al., 2017; Lepinay
et al., 2021a; Přívětivý and Šamonil, 2021). The tree specificity
of deadwood moisture was previously described for A. abies and
F. sylvatica (Přívětivý and Šamonil, 2021). The tree specificity in
deadwood moisture may reflect the different retention capacity
of deadwood based on its physiochemical properties. The rapid
advance of beech FWD decomposition was also indicated by the
presence of ectomycorrhizal species that typically occur in the
latest stages of succession (Rajala et al., 2012; Baldrian et al.,
2016).

The consistent changes in deadwood chemistry reflected its
initial composition and set the stage for a functionally even
decomposition process regardless of the deadwood origin and
microclimatic conditions. In detail, the open canopy slowed
initial fungal colonization, as demonstrated by the significantly
lower amounts of ergosterol in year 1 and slower acidification,
but this canopy effect disappeared later. The changing pH
of the FWD was likely one of the factors affecting fungal
community assembly since it is a strong predictor of fungal
community composition on deadwood (Purahong et al., 2018),
and many deadwood fungi show specific pH preferences
(Lepinay et al., 2021a).

Fungal Community Composition and Its
Drivers
The compositions of the fine deadwood fungal communities
were strongly affected by both tree species and microclimatic
conditions. Our results are thus in line with observations
on coarse deadwood that identified substrate quality (tree
species) and climate (temperature and moisture) as the key
factors affecting fungal communities (Rayner and Boddy, 1988;
Rajala et al., 2012; Abrego et al., 2017; Bani et al., 2018;
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FIGURE 6 | Specificity of fungal taxa to FWD type and microclimatic conditions during succession on beech (Fagus sylvatica) and fir (Abies alba) fine woody debris
(FWD) in a natural temperate forest. All taxa with abundances above 0.5% in at least 3 samples and above 1% in a single sample are represented by a dot. Species
were considered specific if a minimum of 95% of the detected sequences were found in one FWD type or under one of the defined microclimatic conditions (marked
with full red line). Correlations between succession time (in years) and (A) the level of specificity to a FWD type (Spearman R = -0.1304, P = 0.0246) or (B)
microclimatic conditions—canopy manipulation (Spearman R = 0. 0359, P = 0.5380).

Purahong et al., 2018; Harmon et al., 2020). Beyond the
seasonal climate, microclimate extremes cause more variability
in the environment. Importantly, both the tree species and
microclimatic conditions influenced the whole successional
development of fine woody debris fungal communities, thus
confirming the sensitivity of the FWD fate to microclimates.

Fungal communities on beech and fir FWD underwent
successional development but remained distinct throughout
the whole experiment. Previously, certain fungal species were
reported to prefer beech or fir CWD in mixed forests (Lepinay
et al., 2021a), but the differences were often indistinct (Baldrian
et al., 2016). The level of tree species specificity on FWD observed
here was considerably higher. The observed specialization of
Ascomycota to FWD or deadwood of smaller size is in line with
previous reports (Nordén et al., 2004; Rajala et al., 2012). The
colonization of FWD is certainly easier than that of CWD due
to its large surface-to-volume ratio and allows the establishment
of Ascomycota, whose ability to decompose recalcitrant wood
components is limited (Eichlerová et al., 2015). The high share
of Ascomycota in the initial phase of deadwood and litter
decomposition is typical (Voříšková and Baldrian, 2013; Baldrian
et al., 2016; Štursová et al., 2020; Lepinay et al., 2021a) and reflects
the high share of opportunists in this fungal phylum that prefer
to utilize the less recalcitrant components of the plant biomass
(Algora Gallardo et al., 2021). Detection of Mucoromycota in the
fourth year of decomposition may indicate their involvement in
the decomposition of the mycelia of early fungal colonizers since
these fungi are frequently associated with decomposing fungal
biomass (Brabcová et al., 2018; Algora Gallardo et al., 2021).

In both deadwood species, the initial community of
saprotrophs, white-rot fungi and plant pathogens was later
replaced and dominated by various white-rot fungi. Similar to
our finding, brown-rot fungi are most frequently found in the
intermediate stage of CWD decomposition (Rajala et al., 2012).

Brown-rot fungi are considered to have adapted to decompose
wood where there is lower competitive pressure (Song et al.,
2017), which is clearly contrasting with the many cord-forming
white-rot soil fungi with combative life-history strategies (Rayner
and Boddy, 1988; Boddy and Hiscox, 2017). We found that
white-rot fungi were commonly present on both substrates.
Ectomycorrhizal fungi were more represented only in the later
decomposition of FWD. They are frequently found on tree
seedlings commonly growing on dead tree trunks and their
low frequency in FWD is likely due to the fact that this is
impossible on FWD.

Experimental opening of the canopy in our experiment
resulted in considerably different penetration rates of solar
radiation, which were, on average, sevenfold higher in cleared
plots on an area of 0.5 ha (Krah et al., 2018), and the summer
temperatures on deadwood surfaces were on average twofold
higher under open canopies than under closed canopies (Müller
et al., 2020). The dense canopy acts as a thermal buffer, possibly
mitigating the severity of the impacts of climate change on
forest biodiversity and functioning (De Frenne et al., 2019).
Canopy gaps can promote the diversity of wood-inhabiting
fungi on CWD (Brazee et al., 2014) as well as arthropods
(Horák et al., 2016; Seibold et al., 2018). An increase in
fungal diversity was observed only in the fir FWD in the
present study, but the open canopy clearly prioritize different
FWD fungi than the closed canopy. We assume that fungal
taxa presence is driven by a combination of nutritional and
climatic factors. Interestingly, the fir FWD decomposition
under the harsh open canopy environment was dominated
by Ascomycota throughout the whole process (Figure 3).
Some ascomycetes are endophytes or pioneer species that can
rapidly colonize new and competition-free woody substrates
(Menkis et al., 2004; Parfitt et al., 2010). Their presence may
indicate lower competitive forces being present in fir FWD.
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Broad niche differentiation in FWD (Bässler et al., 2010) is
further supported by the diversity of fungal guilds detected
in canopy gaps, with a high abundance of plant pathogens,
yeasts (in both FWD types) and brown-rot and soft-rot fungi
observed in fir (Figure 4). This may also indicate a lower ability
of otherwise highly competitive white-rot fungi to cope with
stressful environmental conditions leading to the phylogenetic
diversification of the fungal community.

In general, the guild of foliar endophytes was very abundant
in the early decomposition regardless of the tree species,
which confirms that they are priority colonizers initiating wood
decomposition (Song et al., 2017). As already proposed, there is a
strong priority effect in fungal community assembly in deadwood
(Boddy, 2000; Hiscox et al., 2015; Krah et al., 2018). An increased
abundance of yeasts was typical for advanced decomposition.
These fungi are known to utilize various substrates (Mašínová
et al., 2018), including fungal mycelium (Brabcová et al., 2018).
A high proportion of the recorded fungi were dark septate
endophytes recently detected in decomposing roots (Kohout
et al., 2021), a type of substrate that is similar in size and
composition to FWD.

Individual taxa showed various levels of preferences for tree
species, microclimatic conditions and certain decomposition
stages. Regardless of the conditions, fungal species were typically
present over only a limited timeframe, typically 1–2 years for
the early colonizers and a longer time for later inhabitants.
Such a fast turnover of taxa is rather typical of litter (Voříšková
and Baldrian, 2013; Urbanová et al., 2015) and less pronounced
on coarse deadwood, where many fungal taxa persist for a
long time during the deadwood lifecycle (Baldrian et al., 2016).
Fungal taxa associated with both beech and fir appeared at
a similar timepoint, demonstrating that the succession time
of common taxa is an equally stable trait of FWD-associated
fungi as that for litter decomposers (Štursová et al., 2020).
Tree-specific fungi were detected over the whole decomposition
and were most abundant during the initial decomposition.
This is likely a consequence of the tree specificity of fungal
endophytes and their priority in colonization or a result
of filtering by nutrient availability (Bhatnagar et al., 2018).
The microclimatic conditions seem to be a weaker filter of
the initial colonization, and canopy-specific fungi were rather
evenly distributed in time with a slightly higher share in
later decomposition.

The contribution of the FWD to the forest biodiversity pool
has not been frequently addressed. Forest fungal biodiversity
is broadly limited by deadwood manipulation during forest
management (Juutilainen et al., 2014), which also includes
FWD manipulation (Sandström et al., 2019). Follow up studies
emphasized, that particularly CWD of a smaller diameter is
highly important in the preservation of fungal biodiversity in
managed forests (Heilmann-Clausen and Christensen, 2004).
Nonetheless, the very fine (<5 cm diameter) and fine woody
debris (5–10 cm diameter) may harbor 75% of the total fungal
diversity (Abrego et al., 2017; Juutilainen et al., 2017). Comparing
our results with an equally detailed study of fungal communities
that are important in the CWD decomposition of Fagus sylvaticus
and Abies alba (Lepinay et al., 2021b), we enumerated identical

overall numbers of fungal OTUs. We confirmed that FWD is very
important for the diversity of Ascomycota, whereas CWD must
also be present to ensure the occurrence of many basidiomycete
species (Nordén et al., 2004). The assemblage of CWD fungal
communities is mainly determined by tree species and deadwood
stage (Müller et al., 2020), while we stress that microclimatic
factors are another key determinant of FWD fungal biodiversity.

CONCLUSION

This study highlights the importance of FWD in forest carbon
stock, biodiversity and high variability of microclimatic
conditions in mitigating the impact of conventional forest
management. In agreement with our hypothesis, tree species
were an important driver of fungal community assembly
in FWD. Microclimatic conditions represented another,
almost equally strong determinant of the fungal community.
Combinations of these factors resulted in typical succession
series during FWD decomposition. Increased deadwood
species diversity did not affect the fungal communities of
unique FWDs. Ascomycota were the main fungal group
involved in FWD decomposition. Depending on tree species
and environmental factors, these fungi may dominate the
whole decomposition process in contrast to the dominant role
of Basidiomycota in coarse deadwood. Tree-specific fungal
species were common during initial decomposition, whereas
canopy-specific fungi were less frequent and rather evenly
distributed over time. The presence of a sufficient amount
of FWD, forest stand diversity and microclimatic conditions
are important factors in the maintenance of fungal diversity.
Moreover, fine woody debris represents an important input of
recalcitrant plant biomass whose decomposition liberates wood
nutrients into soil. Fine deadwood production is comparable
in size to that of coarse deadwood in natural forests and
represents the bulk of deadwood turnover in the majority
of European forests that are managed and thus devoid of
coarse deadwood.
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Supplementary Figure 1 | Experimental design, based on a figure from Krah
et al. (2018).

Supplementary Figure 2 | Amount of deadwood present on the forest floor of a
Bavarian Forest NP and moisture levels of the fine woody debris (FWD), log scale.

Small FWD: 0.5–1.5 cm in diameter, mid-size FWD: 1.6–5.0 cm in diameter, large
FWD: 5.1–10.0 cm in diameter, parts with minimum lengths of 10 cm. Boxes
indicate the lower and upper quartiles, and individual points represent separate 2
× 2 m sampling plots.

Supplementary Figure 3 | Diversity of fungi during the decomposition of the
FWD of beech and fir in a temperate natural forest expressed as OTU richness
and Chao 1 estimates. Development of diversity estimated over time (left), overall
differences not considering community development over time (right).

Supplementary Figure 4 | Venn diagram representing the results of variation
partitioning analyses on Hellinger-transformed OTU abundances. (A) Tree species
and canopy cover calculated using all FWD samples, (B) canopy cover, time and
deadwood chemism for beech FWD, C: canopy, time and deadwood
chemism for fir FWD.

Supplementary Figure 5 | Occurrence of fungal taxa during succession on
beech and fir fine woody debris (FWD) in a montane forest according to FWD type
and microclimatic conditions. Correlations between succession time (in years) of
each fungal taxon present on mixed beech and fir FWD (A, P < 0.0001), detected
under open and closed canopies in beech (B, P < 0.0001) or fir (C, P < 0.0001)
fine woody debris. All taxa with abundances above 0.5% in three or more samples
and above 1% in at least one sample were considered.

Supplementary Figure 6 | Commonly present fungal species and their
succession during fine woody debris decomposition. The figure includes species
present in at least three samples over 1%, with maximal abundance in a single
year over 2% or an average abundance over 0.5%. (A) Fungal species common in
beech and fir deadwoods, (B) beech deadwood, both canopy types, (C) fir
deadwood, both canopy types.
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Atrena, A., Banelytė, G. G., Læssøe, T., Riis-Hansen, R., Bruun, H. H., Rahbek, C.,
et al. (2020). Quality of substrate and forest structure determine macrofungal
richness along a gradient of management intensity in beech forests. For. Ecol.
Manage. 478:118512. doi: 10.1016/j.foreco.2020.118512

Baber, K., Otto, P., Kahl, T., Gossner, M. M., Wirth, C., Gminder, A., et al. (2016).
Disentangling the effects of forest-stand type and dead-wood origin of the early
successional stage on the diversity of wood-inhabiting fungi. For. Ecol. Manage.
377, 161–169. doi: 10.1016/j.foreco.2016.07.011

Baldrian, P. (2017). Forest microbiome: diversity, complexity and dynamics. FEMS
Microbiol. Rev. 41, 109–130. doi: 10.1093/femsre/fuw040
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Sustainable peat alternatives, such as composts and management residues, 

are considered to have beneficial microbiological characteristics compared to 

peat-based substrates. Studies comparing microbiological characteristics of 

these three types of biomass are, however, lacking. This study examined if and 

how microbiological characteristics of subtypes of composts and management 

residues differ from peat-based substrates, and how feedstock and (bio)

chemical characteristics drive these characteristics. In addition, microbiome 

characteristics were evaluated that may contribute to plant growth and health. 

These characteristics include: genera associated with known beneficial or 

harmful microorganisms, microbial diversity, functional diversity/activity, 

microbial biomass, fungal to bacterial ratio and inoculation efficiency with the 

biocontrol fungus Trichoderma harzianum. Bacterial and fungal communities 

were studied using 16S rRNA and ITS2 gene metabarcoding, community-level 

physiological profiling (Biolog EcoPlates) and PLFA analysis. Inoculation with 

T. harzianum was assessed using qPCR. Samples of feedstock-based subtypes 

of composts and peat-based substrates showed similar microbial community 

compositions, while subtypes based on management residues were more 

variable in their microbial community composition. For management residues, 

a classification based on pH and hemicellulose content may be relevant for 

bacterial and fungal communities, respectively. Green composts, vegetable, 

fruit and garden composts and woody composts show the most potential to 

enhance plant growth or to suppress pathogens for non-acidophilic plants, 

while grass clippings, chopped heath and woody fractions of compost show 

the most potential for blends for calcifuge plants. Fungal biomass was a 

suitable predictor for inoculation efficiency of composts and management 

residues.
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Introduction

In horticulture, peat is a major constituent of diverse 
substrates. Its low pH, low bulk density, optimal EC, high porosity, 
high water holding capacity and homogeneity make peat an ideal 
substrate for growing many ornamental plants (Schmilewski, 
2008; Michel, 2010). However, environmental concerns regarding 
peat extraction and utilization are rapidly growing. Peatlands are 
valuable habitats for protected animal and plant species, are 
important carbon sinks, and provide environmental services, such 
as regulation of local water quality and flood protection 
(Alexander et  al., 2008). Moreover, draining of peatlands and 
extraction of peat accelerates peat decomposition to such an 
extent that peatlands become a major source of greenhouse gasses 
(Bonn et al., 2016).

Hence, there is an urgent need to find sustainable alternatives 
for peat in horticulture. A promising avenue in the search for 
more sustainable peat alternatives may be  the use of residual 
biomass, such as composts and nature management residues. 
Studies have shown that composts can have physicochemical and 
(bio)chemical properties that make them suitable peat alternatives 
for multiple types of plants (Hernandez-Apaolaza et al., 2005; 
Bustamante et al., 2008; Herrera et al., 2008; Vandecasteele et al., 
2021). Management residues, such as sods and chopped biomass 
from heathland management efforts, can replace 40% of peat in 
growing media for calcifuge ornamental plants without loss of 
plant quality (Miserez et al., 2019a).

Apart from supporting plant growth, horticultural 
substrates also provide a habitat for microorganisms. The 
interaction between plants and their rhizosphere microbiome 
can be beneficial and even critical to plant health, growth and 
productivity (Chaparro et  al., 2012; Quiza et  al., 2015). 
Rhizosphere microorganisms can improve nutrient availability, 
reduce biotic and abiotic stress, and increase plant defenses 
(Figueiredo et  al., 2011). Microbial communities in the 
rhizosphere can contribute to the reduction of biotic stress and 
the suppression of plant pathogens by several types of 
interaction between microorganisms and pathogens, including 
competition for nutrients and ecological niches, antibiosis, 
predation, parasitism, and the activation of disease resistance in 
plants (Ntougias et  al., 2008). Various rhizosphere 
microorganisms are known for their beneficial effects on plant 
growth and health, including nitrogen-fixing bacteria, 
mycorrhizal fungi, plant growth promoting rhizobacteria 
(PGPR) and fungi (PGPF), and biocontrol agents (Berendsen 
et al., 2012). Beneficial microorganisms present in horticultural 
substrates may thus contribute positively to the rhizosphere 
microbiome and enhance plant growth and resistance to plant 
pathogens. Additionally, substrates with higher general 
microbial biomass or diversity may be  less susceptible for 
colonization by other organisms due to stronger competition for 
nutrients and niches, and may therefore be more suppressive to 
pathogens (Chaparro et  al., 2012; Bongiorno et  al., 2019). 
Studies have also shown a positive effect of microbial biomass 

and diversity on plant growth and productivity (Wagg et al., 
2011; Weidner et al., 2015; Shen et al., 2016; Kolton et al., 2017). 
Higher metabolic activity and functional diversity can 
be  associated with disease suppression and plant growth 
promotion (Brussaard et al., 2007; Mendes et al., 2011; Alam 
et al., 2014; Kolton et al., 2017; Neher et al., 2022). However, 
horticultural substrates may also harbor potential plant or 
human pathogens, which poses a risk for plant and human 
health, but also for the environment (Cartwright, 1995; Waller 
et al., 2008; Al-Sadi et al., 2011, 2016).

Despite their importance in terms of plant growth and health, 
the microbiological characteristics of peat alternatives have not 
received much attention in scientific literature. The current 
understanding of the microbial communities in peat-based 
substrates and peat alternatives, such as composts and 
management residues, is still limited. It is assumed that peat does 
not provide a suitable food base for microorganisms to grow as it 
has a high amount of strongly polymerized organic matter, and 
therefore a low energy reserve (Hoitink and Boehm, 1999). Hence, 
peat is often considered as an ineffective medium to harbor 
(beneficial) microorganisms and to support sustained biological 
control (Hoitink and Boehm, 1999; Krause et al., 2001), yet data 
to support such assumption are few. Peat alternatives are assumed 
to be more suitable media for (beneficial) microorganisms because 
of the higher amount of available energy reserves. Composts and 
management residues have been shown to have a higher microbial 
biomass than peat (Vandecasteele et al., 2021), and are expected 
to have a higher diversity and activity as compared to peat. 
Accordingly, composts and management residues may have a 
positive effect on plant growth and resistance to pathogens. 
Additionally, several known biocontrol agents, such as Bacillus 
spp., Pseudomonas spp., and Trichoderma spp., have been retrieved 
from composts, which may contribute to a possible disease 
suppressive effect in composts (Dukare et al., 2011; Chen et al., 
2012; Antoniou et al., 2017; Lutz et al., 2020). Other biocontrol 
agents associated with disease suppression in composts include 
non-pathogenic Fusarium spp. (Kavroulakis et al., 2007; Blaya 
et al., 2016), Zopfiella spp. (Blaya et al., 2016), Enterobacter spp. 
(Kwok et al., 1987; Chen et al., 2012), Xanthomonas spp. (Kwok 
et  al., 1987), Aeromonas spp. (Oberhänsli et  al., 2017), 
Flavobacterium spp. (Kwok et  al., 1987) and non-pathogenic 
Verticllium spp. (Postma et al., 2003). In addition to biocontrol 
agents naturally occurring in composts, composts have been 
shown to improve colonization and consequently the efficacy of 
commercial biocontrol organisms (Krause et  al., 2001; Joos 
et al., 2020).

Another important requirement for the use of peat alternatives 
in horticultural substrates is the absence of human and plant 
pathogens, as this may pose a potential risk for plant and human 
health (Jones and Martin, 2003). Several studies have shown the 
presence of pathogenic fungi that can infect plants via the roots, 
such as Fusarium spp., Rhizoctonia spp., and Pythium spp., in 
horticultural substrates (Cartwright, 1995; Waller et al., 2008). 
Potential human pathogens that have been reported to be present 
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in substrates include Salmonella spp., Escherichia spp., Shigella 
spp., and Klebsiella spp. (Epstein, 2001; Jones and Martin, 2003).

A range of different feedstocks and processing methods make 
composts and management residues very heterogenous materials. 
Microbiological characteristics are also expected to show a large 
heterogeneity. Pot et  al. (2021a,b) showed that the initial 
microbiological composition is paramount in obtaining a 
favorable microbiome in substrates, as possibilities for adaptation 
or optimization of microbiological characteristics of composts and 
management residues are limited. Hence, it is important to 
understand what properties drive the microbial composition of 
peat alternatives. Feedstock, pH, mineral N content and organic 
matter content have been suggested as potential drivers of 
microbial communities in composts (Neher et al., 2013; Sun et al., 
2020; Wu et al., 2020). It is, however, unclear which properties 
drive the microbial composition in other types of composts and 
other peat alternatives.

The objective of this study is to compare microbiological 
characteristics of subtypes of composts and management residues 
to peat-based substrates using a classification based on feedstock 
that is also used by commercial suppliers. Specifically, this study 
focusses on how the microbiological characteristics of feedstock-
based subtypes of composts and management residues differ from 
peat-based substrates, and how feedstock and (bio)chemical 
characteristics drive these microbiological characteristics. 
Moreover, this study assesses if these different subtypes of 
composts and management residues can be regarded as good peat 
alternatives based on different characteristics that may indicate 
plant growth and health promotion. These characteristics include 
presence of genera associated with known beneficial 
microorganisms, absence of genera known to include pathogens, 
high microbial diversity, high functional diversity and activity, 
high microbial biomass, high fungal to bacterial ratio and the 
potential to increase the inoculation efficiency of the biocontrol 
fungus Trichoderma harzianum. Finally, it was determined which 
microbiological characteristics may predict inoculation efficiency.

Materials and methods

Set of materials

The set of materials consisted of 10 peat-based substrates, 16 
composts from different installations and feedstocks, and 12 
management residues from various locations and vegetation types 
(Table 1). Composts and management residues were each divided 
into subtypes based on feedstock, as is common practice in the 
sector. For composts, four feedstock-based subtypes could 
be distinguished: green composts (C1), vegetable, fruit and garden 
(VFG) composts (C2), woody composts (C3), and peat composts 
(i.e., composts based on spent substrates; C4). For management 
residues, four feedstock-based subtypes could be distinguished: 
grass clippings (M1), chopped heath (M2), forest sods (M3) and 
woody fractions of composts (M4). Peat-based substrates were 

divided into two subtypes based on whether they were treated 
with lime. The two subtypes were classified as pure peat-based 
substrates (P1) and limed peat-based substrates (P2). An overview 
of (bio)chemical characteristics (determined and described by 
Vandecasteele et  al. (2021)) of the different samples can also 
be found in Table 1.

16S rRNA and ITS2 gene metabarcoding

The different materials were each sampled three times (250 mg 
per sample), resulting in three technical replicates for each sample. 
DNA was extracted from each sample using the DNeasy Powersoil 
Pro Kit (QIAGEN, Germantown, MD, United States), according 
to the manufacturer’s instructions, and stored at −20°C until use 
for metabarcoding, as described below.

Metabarcoding of the bacterial and fungal populations was 
done on the V3-V4 fragment of the 16S rRNA gene and the ITS2 
gene fragment, respectively, as described in detail in De Tender 
et  al. (2016a). Reads are available for download at the NCBI 
sequence read archive (SRA) under project numbers 
PRJNA624053, PRJNA715731 and PRJNA767265.

Demultiplexing of the metabarcoding dataset was performed 
by the sequencing provider. Primers were removed using 
Trimmomatic version 0.32 (Bolger et al., 2014). Adapters were 
already removed by the sequencing provider. For the ITS2-
sequences, some adapters were still present and were removed 
using Cutadapt version 2.7 (Martin, 2011). Quality of the 
pre-processed sequences was checked using FastQC version 0.11.8 
(Andrews, 2010). Further processing of the sequences was done 
using the DADA2 pipeline version 1.12.1 (Callahan et al., 2015), 
as described in detail in Pot et al. (2021a). Briefly, low quality reads 
were trimmed, sequences were dereplicated and amplicon 
sequence variants (ASVs) were inferred based on the parametric 
model of errors calculated by the algorithm. Inferred sequences 
were merged, chimeras were removed and taxonomy was assigned 
by the SILVA database v132 (bacteria; Quast et al., 2012; Yilmaz 
et al., 2013; Glöckner et al., 2017) and UNITE database v020219 
(fungi; Nilsson et al., 2018).

Two sequence tables (bacterial and fungal) were constructed. 
For each biological replicate (n = 10 for peat-based substrates, 
n = 16 for composts and n = 12 for management residues), the 
mean of the absolute ASV counts of the tree technical replicates 
was calculated. All analyses were done for both the bacterial and 
fungal sequence tables. To remove low abundant reads, first, ASVs 
with less than three counts per million in at least three samples 
were removed from the datasets. Second, the table was used as 
input to calculate the Shannon diversity index applying the 
diversity function of the vegan package (version 2.5.7) in R 
(version 4.0.4; Oksanen et al., 2020), to determine alpha diversity. 
To find significant differences in mean diversity between the 
different subtypes of composts, management residues and peat-
based substrates, a linear model including subtype as main effect 
was used. Linearity, homogeneity of variances and normality were 
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TABLE 1 (Bio)chemical characteristics of the different samples of composts (C), management residues (M) and peat-based substrates (P).

Sample Description Type Subtype Cellulose 
(%/OM)

Hemicellulose 
(%/OM)

Lignin 
(%/

OM)

pH-
H2O

EC NO3-N 
(mg/L)

NH4-N 
(mg/L)

Nmin 
(mg/L)

SO4 
(mg/L)

Cl 
(mg/L)

OM 
(%/

DM)

Pwater 
(mg/L)

Cwater 
(mg/L)

C/N Nimmob 
(%)

OUR 
(mmol 
O2/kg 

OM/h)

Cum. 
CO2 

release 
(mol 

CO2/kg 
OM)

BW01 Grass clippings M M1 16.3 10.1 15.6 5.6 39.0 <5.0 <5.0 <5.0 <11.7 11.1 50.7 <4.7 77.5 27.5 −11.0 8.3 0.8

BW02 Chopped heath M M2 27.5 17.9 27.0 5.6 24.0 <5.0 <5.0 <5.0 <11.7 <10 86.7 <4.7 47.7 32.3 3.0 7.7 1.4

BW03 Grass clippings M M1 33.4 38.2 8.6 7.1 189.0 <5.0 21.4 21.4 31.6 92.8 94.5 11.4 225.2 23.6 −8.0 24.6 2.4

BW04 Grass clippings M M1 7.9 8.4 7.6 4.8 198.0 63.9 5.4 69.3 <11.7 27.9 31.7 33.3 58.1 17.7 −7.0 4.2 1.4

BW05 Forest sods M M3 17.6 9.1 31.4 4.3 28.0 <5.0 <5.0 <5.0 <11.7 <10 77.9 <4.7 36.1 22.4 −2.0 2.2 0.6

BW06 # Green compost C C1 8.8 3.3 7.8 8.8 851.0 6.3 <5.0 6.3 247.0 529.6 25.5 13.0 220.5 13.0 4.0 6.4 1.3

BW08 # Green compost C C1 12.1 4.2 12.6 8.5 1156.0 <5.0 14.0 14.0 378.5 807.3 43.3 21.2 393.8 15.9 6.0 11.7 3.5

BW09 # Wood chip 

compost

C C3 9.6 7.8 11.8 7.6 2430.0 668.2 16.3 684.5 820.5 483.1 54.6 38.8 298.7 13.9 −5.0 1.6 0.3

BW10 # Wood chip 

compost

C C3 9.4 5.4 15.2 5.8 1209.0 367.9 40.8 408.7 400.6 175.0 43.3 78.1 129.9 15.9 −1.0 1.8 0.6

BW11 # Peat compost C C4 13.2 9.4 16.0 6.4 2100.0 586.9 26.8 613.7 990.8 266.6 65.0 110.5 222.8 18.0 13.0 1.1 0.3

BW12 # Peat compost C C4 28.1 10.7 31.7 6.9 1253.0 401.0 <5.0 401.0 1041.4 165.6 82.3 12.9 38.0 24.0 10.0 1.2 0.5

BW13 # Poplar bark 

compost

C C3 30.3 11.9 29.4 5.4 461.0 <5.0 <5.0 <5.0 28.1 66.2 88.4 42.0 352.7 46.5 63.0 7.8 4.8

BW14 # Fungus-dominant 

woody compost

C C3 8.1 5.2 11.3 7.5 361.0 <5.0 <5.0 <5.0 201.8 180.8 37.2 <4.7 87.3 16.8 21.0 2.8 1.6

BW15 Woody fraction of 

green compost

M M4 46.8 19.3 23.3 6.9 234.0 <5.0 <5.0 <5.0 32.6 76.1 95.2 28.3 174.8 72.1 45.0 5.6 3.1

BW16 # Green compost C C1 5.4 2.8 11.6 7.9 1273.0 193.0 10.9 203.9 96.9 640.9 30.9 28.9 274.5 11.1 −3.0 3.1 1.0

BW19 # VFG compost C C2 7.1 5.4 11.1 8.5 3030.0 418.6 649.9 1068.5 1073.4 975.2 38.1 19.8 485.9 9.7 36.0 7.2 1.9

BW22 Woody fraction of 

green compost

M M4 32.5 12.5 24.9 7.8 918.0 <5.0 15.3 15.3 173.7 710.8 79.8 29.9 379.8 37.6 38.0 11.1 3.7

BW24 Soft rush M M1 29.5 32.7 13.3 7.9 448.0 <5.0 30.4 30.4 156.0 266.2 89.2 23.6 159.9 21.7 7.0 15.7 3.5

BW25 Chopped heath M M2 16.7 11.7 17.2 6.0 31.0 <5.0 <5.0 <5.0 <11.7 <10 52.1 <4.7 92.7 30.8 78.0 12.0 2.6

BW26 Chopped heath M M2 5.5 4.0 9.7 4.5 333.0 88.4 101.4 189.8 79.5 17.5 36.2 13.9 71.3 16.8 −4.0 0.3 0.2

BW27 VFG compost C C2 7.8 3.2 11.6 8.5 2200.0 241.7 122.3 364.0 166.5 1663.9 32.9 27.9 308.9 8.6 −58.3 2.4 1.1

BW28 Woody fraction of 

green compost

C C1 13.8 4.8 16.0 7.5 804.0 <5.0 8.4 8.4 168.1 363.7 48.1 23.3 563.7 15.9 44.0 16.0 5.6

BW29 Green compost C C1 12.1 4.9 17.4 8.1 894.0 77.2 7.7 84.9 108.5 477.5 50.0 34.2 265.3 12.1 −38.0 2.2 1.2

(Continued)
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Sample Description Type Subtype Cellulose 
(%/OM)

Hemicellulose 
(%/OM)

Lignin 
(%/

OM)

pH-
H2O

EC NO3-N 
(mg/L)

NH4-N 
(mg/L)

Nmin 
(mg/L)

SO4 
(mg/L)

Cl 
(mg/L)

OM 
(%/

DM)

Pwater 
(mg/L)

Cwater 
(mg/L)

C/N Nimmob 
(%)

OUR 
(mmol 
O2/kg 

OM/h)

Cum. 
CO2 

release 
(mol 

CO2/kg 
OM)

BW30 VFG compost 

mixed with green 

compost

C C2 9.1 5.8 14.9 8.3 1490.0 170.7 76.5 247.2 401.7 986.1 44.8 31.5 242.3 9.8 −34.0 5.4 1.2

BW31 Green compost C C1 8.7 6.1 14.3 8.3 1721.0 225.1 6.1 231.2 330.1 1075.2 39.0 29.6 272.6 10.2 −27.9 3.0 1.3

BW32 Green compost C C1 10.3 4.4 11.9 8.9 1558.0 7.7 225.5 233.2 223.0 1276.2 41.0 56.0 415.7 10.8 43.7 4.8 2.2

BW34 Forest sods M M3 14.1 7.1 14.2 4.7 100.0 <5.0 <5.0 <5.0 <11.7 37.6 41.1 <4.7 89.0 27.0 −6.0 5.7 1.1

BW53 Chopped heath M M2 8.6 5.3 12.9 5.9 226.0 24.3 6.8 31.1 42.2 106.5 36.8 69.1 98.3 20.1 52.7 6.1 1.1

BWr61 * White peat P P1 49.7 23.3 13.1 4.7 26.0 <5.0 <5.0 <5.0 <11.7 <10 97.8 <4.7 49.5 68.2 3.8 0.5 0.2

BWr62 * Peat mixture P P2 31.0 18.3 24.5 6.1 231.0 50.6 <5.0 50.6 159.8 25.9 89.9 55.5 96.4 44.6 0.9 0.2

BWr67 * Black peat P P1 21.6 9.1 32.1 4.7 272.0 17.5 <5.0 17.5 468.8 27.3 89.0 <4.7 31.5 37.7 1.2 0.1

BWr65 Peat mixture P P1 −160.0 17.5 21.5 4.0 164.0 20.7 34.8 55.5 173.7 21.5 97.6 <4.7 32.9 55.0 21.3 0.7 0.1

BWr66 Black peat P P1 28.6 17.3 31.2 4.7 33.0 <5.0 5.0 <5.0 27.8 22.5 95.9 4.7 60.4 36.9 7.0 0.7 0.3

BWr46 Peat mixture P P2 26.0 14.3 18.1 6.6 68.0 8.9 <5.0 8.9 63.3 23.7 69.1 <4.7 51.9 38.7 0.3

BWr47 Peat mixture P P2 26.2 9.2 21.7 6.0 702.0 275.8 <5.0 275.8 486.4 26.4 69.5 78.2 26.4 42.0 0.1 0.2

BWr48 Peat mixture P P2 16.3 7.2 11.5 6.4 86.0 8.6 <5.0 8.6 80.7 26.5 33.7 17.5 53.1 28.3 0.6

BWr49 Peat mixture P P2 28.2 10.0 31.6 6.7 128.0 10.6 <5.0 10.6 159.8 23.8 80.6 <4.7 41.8 47.5 0.3

BWr419 White peat P P1 −124.1 14.3 19.2 4.9 129.0 <5.0 5.7 5.7 <11.7 <10 97.2 <4.7 52.8 47.3 20.6 0.2 0.3

P1 = pure peat-based substrates (n = 5); P2 = limed peat-based substrates (n = 5); C1 = green composts (n = 7); C2 = VFG composts (n = 3); C3 = woody composts (n = 4); C4 = peat composts (n = 2); M1 = grass clippings (n = 4); M2 = chopped heath (n = 4); 
M3 = forest sods (n = 2); M4 = woody fractions of composts (n = 2). Asterisks indicate reference samples used for community-level physiological profiling (Biolog EcoPlates). Hashtags indicate compost samples used for inoculation efficiency. VFG compost, 
vegetable, fruit and garden compost; EC, electrical conductivity; Nmin, mineral N = NO3–N + NH4–N; OM, organic matter; DM, dry matter; Pwater, water-extractable P; Cwater, water-extractable C; Nimmob, N immobilization; OUR, oxygen uptake rate.

TABLE 1 (Continued)
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checked prior to analysis by plotting residuals vs. fitted values, a 
QQ plot of the standardized residuals and a scale-location plot. 
Pairwise comparisons were made using least square means. 
p-Values <0.05 were considered significant. Third, beta diversity 
was studied. Absolute ASV counts were transformed to relative 
abundances, and a dissimilarity matrix (based on the Bray–Curtis 
dissimilarity index) was calculated from the ASV table. 
Homogeneity of the variances was checked on this dissimilarity 
matrix using the betadisper function. The effect of type of biomass 
and subtype on the community composition was studied by doing 
a PERMANOVA analysis on the dissimilarity matrix. To visualize 
the observed differences, principal coordinate analysis (PCoA) on 
the dissimilarity matrix was done. Fourth, heatmaps were made 
using the heatmap.2 function of the gplots package (version 3.1.1) 
in R for each type of biomass to visualize similarities between 
different samples. As input for these heatmaps, bacterial and 
fungal genera with a relative abundance equal to or larger than 1% 
in at least one of the samples were used. Fifth, (bio)chemical 
characteristics of the different samples, were fitted onto the PCoA 
ordinations for each type of biomass using the envfit function of 
the vegan package (version 2.5.7). More specifically, cellulose, 
hemicellulose, pH-H2O, electroconductivity (EC), nitrates (NO3-
N), ammonium (NH4-N), mineral N (Nmin), sulfates (SO4), 
chlorine (Cl), organic matter (OM), water extractable phosphor 
(Pwater) and carbon (Cwater), carbon:nitrogen ratio (C/N), nitrogen 
immobilization (Nimmob), oxygen uptake rate (OUR) and 
cumulative CO2 release, that were determined and described in 
detail by Vandecasteele et al. (2021) and that can be  found in 
Table 1, were used for this analysis. Significance of the correlations 
between the (bio)chemical characteristics and the PCoA 
ordination on the other hand was tested using a permutation test 
with 999 permutations. Significant correlations (p < 0.05) were 
plotted on the PCoA plots with the length of the arrows 
proportional to the correlation. Sixth, the presence of potential 
beneficial microorganisms was studied, focusing on genera known 
to include plant growth promoting microorganisms and 
biocontrol agents, including Penicillium, Serratia, Paenibacillus, 
Burkholderia, Trichoderma, Bacillus, Pseudomonas, and 
Streptomyces (Bhattacharyya and Jha, 2012; Neher et al., 2022). 
Additionally, the different samples were screened for the presence 
of genera including potential pathogens, focusing on genera 
known to include human pathogens, including Salmonella, 
Escherichia, Klebsiella, Shigella, and Enterobacter, or plant 
pathogens that can infect the plant roots via the growing medium, 
including Verticillium, Rhizoctonia, Fusarium, Pythium, 
Sclerotinia, and Plasmodiaphora. Seventh, the effect of subtype of 
biomass on abundance was tested using the edgeR package 
(version 3.32.1; Robinson et al., 2010) as described in Pot et al. 
(2021a). The analyses were done upon clustering the bacterial and 
fungal ASV table with absolute sample counts at phylum, family, 
and genus level. Normalization based on the trimmed mean of 
M-values (TMM) was applied to correct for differences in library 
size of the count table. A design matrix was defined based on the 
experimental design, with a main effect for subtype. The 

dispersion parameter was calculated. Following, a negative 
binomial model was fitted for every ASV and then combined. 
Likelihood-ratio tests were conducted on the contrast of the 
model parameters to assess differential abundances. p-Values 
<0.05 were considered significant. Correction for multiple testing 
was included by adopting the Benjamini-Hochberg False 
Discovery Rate procedure.

Community-level physiological profiling 
using Biolog EcoPlates

The different materials were each sampled once (3 g per 
sample) and analyzed using Biolog EcoPlates (Biolog, Inc., CA, 
United States) as described in detail in Pot et al. (2021a). For peat-
based substrates, only three samples were used (see Table 1). The 
average well color development (AWCD) and Shannon diversity 
index (functional diversity) were calculated as described in Pot 
et al. (2021a). For each biological replicate, the average AWCD 
and Shannon diversity index was calculated from the three 
technical replicates.

To determine differences in overall AWCD and AWCD of the 
different carbon sources and the functional diversity (Shannon 
diversity index) between the subtypes of biomass, a linear model 
including subtype as main effect was used after checking the 
assumptions. Pairwise comparisons were made using least square 
means. Furthermore, relative optical density values after 7 days 
were divided by the AWCD to minimize the influence of inoculum 
density differences between plates (Garland and Mills, 1991; 
Graham and Haynes, 2005). To visualize differences in functional 
community composition, principal component analysis (PCA) 
was done on these values. The effect of subtype of biomass was 
studied by doing a PERMANOVA analysis.

Phospholipid fatty acid analysis

Phospholipid fatty acid (PLFA) analysis was performed by 
Vandecasteele et  al. (2021). Seventeen PLFAs were selected 
because of their use of biomarker fatty acids for six distinct 
microbial groups: Gram-positive bacteria (i-C15:0, a-C15:0, 
i-C16:0, i-C17:0), Gram-negative bacteria (C16:1c9, C17:0cy, 
C19:0cy), bacteria (non-specific; C14:0, C15:0, C16:0, C17:0, 
C18:0), actinomycetes (10Me-C16:0, 10Me-C18:0), fungi 
(C18:2n9,12) and mycorrhiza (C16:1c11), and summed up 
together with C18:1c9 to calculate total microbial biomass. In 
addition, fungal to bacterial ratio was determined.

To determine differences in total microbial biomass and 
fungal to bacterial ratio between subtypes, a linear model was 
used with subtype as main effect after checking the assumptions. 
Pairwise comparisons were made using least square means. To 
visualize differences in microbial biomass between subtypes, 
principal component analysis (PCA) was done on the microbial 
biomass of different microbial groups and total microbial biomass. 
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The effect of subtype of biomass was studied by doing a 
PERMANOVA analysis.

Inoculation efficiency of Trichoderma 
harzianum

Inoculation efficiency by the biocontrol fungus T. harzianum 
was assessed by qPCR as described in Vandecasteele et al. (2021). 
Differences in inoculation efficiency between subtypes of 
composts, management residues and peat-based substrates were 
determined using a linear model with subtype as a main effect 
after checking the assumptions. Pairwise comparisons were made 
using least square means. Spearman correlations were used to 
determine correlations between the inoculation efficiency and the 
initial microbiological characteristics of the samples (bacterial and 
fungal diversity, biomass of different microbial groups, metabolic 
activity, and functional diversity).

All statistical tests were conducted in RStudio 1.2.5001.

Results

Comparison between peat-based 
substrates, composts and management 
residues

Differences in bacterial and fungal community composition 
between composts, management residues and peat-based 
substrates were visualized by principal coordinate analysis (PCoA; 
Supplementary Figure S1). For bacteria, the first and second 
principal coordinate (PCo) represented 12.9% and 8.1%, 
respectively, of the variance in the dataset, whereas for the fungal 
communities, these values were 10.8% and 9.8%, respectively. 

Particularly for bacteria, PCo1 represented variation between the 
different types of biomass (i.e., composts, management residues 
and peat-based substrates), while PCo2 represented variation 
between the individual samples within the three types of biomass. 
PERMANOVA analysis showed a significant shift in the bacterial 
communities (p = 0.001) and fungal communities (p = 0.001) 
between the types of biomass. Composts and management 
residues both show large variation in their bacterial and fungal 
community composition, indicating high heterogeneity within the 
microbial communities of each type of biomass.

Comparison between subtypes of 
peat-based substrates and composts and 
management residues

Differences in microbial community 
composition

Redoing the PCoA with the subtypes as input, differences in 
bacterial and fungal community composition were still observed 
between the subtypes of composts, management residues and 
peat-based substrates, for both bacteria and fungi (p = 0.001 and 
p = 0.001, respectively; Figure  1). However, the condition of 
homogeneity of variances was not fulfilled for fungi (p < 0.001), 
indicating that the division in subtypes might be not sufficient to 
deal with the high sample heterogeneity.

Next to the differences between peat-based substrates, 
composts and management residues, also within each type of 
biomass differences in bacterial and fungal community 
composition were found (Supplementary Figure S2). 
PERMANOVA analysis showed a significant difference in the 
bacterial and fungal community composition between the 
different subtypes within composts (p = 0.001 and p = 0.003, 
respectively) and peat-based substrates (p = 0.02 and p = 0.02, 

A B

FIGURE 1

Shifts in bacterial (A) and fungal (B) community composition between the subtypes of peat-based substrates, composts, and management 
residues. Both figures represent Principal Coordinate Analysis (PCoA) profiles of pairwise community dissimilarity (Bray-Curtis) indices of either 
bacterial (16S V3-V4 rRNA gene) or fungal (ITS2 gene) sequencing data, respectively. Colors indicate the different subtypes of peat-based 
substrates, composts, and management residues. P1 = pure peat-based substrates (n = 5); P2 = limed peat-based substrates (n = 5); C1 = green 
composts (n = 7); C2 = VFG composts (n = 3); C3 = woody composts (n = 4); C4 = peat composts (n = 2); M1 = grass clippings (n = 4); M2 = chopped heath 
(n = 4); M3 = forest sods (n = 2); M4 = woody fractions of composts (n = 2).
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respectively). For management residues, a significant difference in 
bacterial community composition was found between the 
subtypes (p = 0.01).

To verify whether this heterogeneity in the community is 
indeed dependent on feedstock-based subtypes within each type 
of biomass, heatmaps were produced based on the genera with a 
relative abundance of at least 1% in one of the samples to 
visualize similarities between the different samples 
(Supplementary Figures S3, S4). For peat-based substrates, the two 
feedstock-based subtypes – pure and limed peat-based substrates 
– showed a similar clustering based on bacterial and fungal 
community composition. Only one sample of the pure peat-based 
substrates clustered more closely to the limed peat-based 
substrates than to the other pure peat-based substrates, which 
could also be noted in the PCoA plots. For composts, no real 
clustering on feedstock could be noted, either for the bacterial and 
fungal community. This is in contrast of what could be observed 
in the PCoA plots (Supplementary Figure S4): samples of the 
different feedstock-based subtypes clustered relatively closely 
together for both bacterial and fungal sequences, indicating 
samples belonging to feedstock-based subtypes show similar 
bacterial and fungal community composition. Green composts 
(C1) and VFG composts (C2) showed similar bacterial and fungal 
community compositions. Woody composts (C3) and peat 
composts (C4) also showed similar bacterial and fungal 
community compositions. For management residues, samples of 
the different feedstock-based subtypes showed less similarity in 
their bacterial and fungal community composition. Samples 
belonging to forest sods (M3) or woody fractions of composts 
(M4) each showed similar bacterial and fungal community 
composition. However, samples of grass clippings (M1) and 
samples of chopped heath (M2) showed large variation in bacterial 
and fungal community compositions, which could be noted in the 
bacterial and fungal heatmaps as well as in the PCoA plots. Except 
for the composts, the heatmaps and PCoA plots showed the same 
patterns. The differences between the PCoA plots and the 
heatmaps for composts may be  due to differences in the 
determination of similarities between samples. In the PCoA plots, 
the total bacterial and fungal community composition is 
considered, while the heatmaps are based on genera that have a 
relative abundance of at least 1% in at least one sample.

Linking microbial community composition 
with chemical characteristics

Within each type of biomass, the correlations between the 
bacterial and fungal community composition and chemical 
characteristics were determined (Figure  2; 
Supplementary Table S1). For peat-based substrates, no (bio)
chemical characteristics were significantly correlated with the 
bacterial community composition. Fungal community 
composition in peat-based substrates was significantly correlated 
with N immobilization (p = 0.04, r2 = 0.99). For composts, bacterial 
community composition was significantly correlated with 
pH-H2O (p = 0.003), EC (p = 0.004), NO3-N (p = 0.002), NH4-N 

(p = 0.05), Nmin (p = 0.004), SO4 (p = 0.02), Cl (p = 0.001), Pwater 
(p = 0.03), C/N ratio (p = 0.03), oxygen uptake rate (OUR; p = 0.05) 
and cumulative CO2 release (p = 0.04), for which Cl had the 
highest influence on the bacterial community composition in 
composts (r2 = 0.85). Fungal community composition in composts 
was significantly correlated with hemicellulose content (p = 0.02), 
pH-H2O (p = 0.008), NO3-N (p = 0.006), SO4 (p = 0.05), Cl 
(p = 0.009) and oxygen uptake rate (OUR; p = 0.05), for which 
NO3-N had the highest influence on the bacterial community 
composition in composts (r2 = 0.57). For management residues, 
the bacterial community composition was significantly correlated 
with pH-H2O (p = 0.006, r2 = 0.74) and Cwater (p = 0.04, r2 = 0.48), 
and the fungal community composition was solely correlated with 
hemicellulose (p = 0.02, r2 = 0.51).

Differences in characteristics of the microbial 
community

To study the difference in microbial community between the 
subtypes of the three biomass types in more detail, (1) differential 
abundances between peat-based substrates and management 
residues/composts, (2) the presence of beneficial microorganisms 
and pathogens, and (3) bacterial and fungal diversity 
were investigated.

First, the differential abundances of bacterial and fungal 
phyla, families, and genera between the subtypes of composts 
and management residues on one hand and peat-based 
substrates on the other hand were studied 
(Supplementary Tables S2, S3). For bacteria, the number of 
differentially abundant taxa in subtypes of composts and 
management residues was larger when compared to limed peat-
based substrates than to pure peat-based substrates, indicating 
that bacterial community composition in subtypes of composts 
and management residues is more similar to pure peat-based 
substrates. For fungi, the number of differentially abundant taxa 
in subtypes of composts and management residues was similar 
when compared to either pure or limed peat-based substrates, 
indicating that subtypes of composts and management residues 
show a similar level of (dis)similarity as compared to pure or 
limed peat-based substrates. The relative number of significantly 
differential abundant taxa in compost and management residues 
is considerable smaller for fungi than for bacteria, indicating the 
fungal community composition of composts and management 
residues is more similar to that of peat-based substrates than the 
bacterial community composition. For composts, green 
composts (C1) showed the largest number of differentially 
abundant bacterial genera as compared to pure (P1; 76 genera) 
and limed peat-based substrates (P2; 268 genera), while woody 
composts (C3) showed the largest number of differentially 
abundant fungal genera as compared to pure (P1; 7 genera) and 
limed peat-based substrates (P2; 6 genera). For management 
residues, woody fractions of composts (M4) showed the largest 
number of differentially abundant bacterial genera as compared 
to pure (P1; 26 genera) and limed peat-based substrates (P2; 129 
genera). Grass clippings (M1) showed the largest number of 
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differentially abundant fungal genera as compared to pure peat-
based substrates (P1; 8 genera), while chopped heath (M2) 
showed the largest number of differentially abundant fungal 
genera compared to limed peat-based substrates (P2; 14 genera).

A detail of the differentially abundant bacterial genera 
(relative abundance >1%) and fungal genera between subtypes of 
peat-based substrates P1 and P2 on one hand and subtypes of 
composts and management residues on the other hand is shown 
in Supplementary Tables S4–S7. There were no bacterial genera 
that were significantly increased or decreased compared to pure 
peat-based substrates (P1) in all subtypes of composts. All 
subtypes of composts showed a significant increase in the relative 
abundances of Flavobacterium as compared to limed peat-based 
substrates (P2). No fungal genera were significantly increased or 
decreased compared to pure (P1) or limed (P2) peat-based 
substrates in all subtypes of composts. No bacterial or fungal 
genera were significantly increased or decreased compared to pure 

(P1) or limed (P2) peat-based substrates in all subtypes of 
management residues.

Second, the presence of genera known to include beneficial 
microorganisms and genera known to include human and/or 
plant pathogens was determined. The genera associated with the 
potential beneficial microorganisms Bacillus, Paenibacillus, 
Pseudomonas and Serratia were differentially abundant in 
several subtypes of composts and management residues as 
compared to the subtypes of peat-based substrates 
(Supplementary Table S8; Figure 3). The relative abundance of 
Bacillus was significantly higher in woody composts (C3) than 
in pure peat-based substrates (P1; p < 0.001) and in green 
composts (C1; p = 0.003), VFG composts (C2; p = 0.006), woody 
composts (C3; p < 0.001) and woody fractions of composts (M4; 
p = 0.003) than in limed peat-based substrates (P2). Paenibacillus 
was significantly more abundant in green composts (C1; 
p < 0.001), woody composts (C3; p < 0.001) and woody fractions 

A

B

C

FIGURE 2

Correlations between bacterial and fungal community composition and chemical characteristics. Principal Coordinate Analysis (PCoA) profile of 
pairwise community dissimilarity (Bray-Curtis) indices of bacterial (16S V3-V4 rRNA gene; left) and fungal (ITS2 gene; right) sequencing data in 
peat-based substrates (A), composts (B), and management residues (C). Arrows indicate significant correlations between corresponding variables 
and microbial community composition. The segments are scaled to the r2 value, so that variables with a longer segment are more strongly 
correlated with the data than those with a shorter segment. Nimmob = N immobilization; Pwater = water extractable P; Fungi = total biomass fungi; 
Actinomycetes = total biomass actinomycetes; Gram – bact. = total biomass Gram-negative bacteria; Gram + bact. = total biomass of Gram-positive 
bacteria; Non-specific bact. = total biomass of non-specific bacteria. P1 = pure peat-based substrates (n = 5); P2 = limed peat-based substrates (n = 5); 
C1 = green composts (n = 7); C2 = VFG composts (n = 3); C3 = woody composts (n = 4); C4 = peat composts (n = 2); M1 = grass clippings (n = 4); 
M2 = chopped heath (n = 4); M3 = forest sods (n = 2); M4 = woody fractions of composts (n = 2).
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of composts (M4; p < 0.001) than in pure peat-based substrates 
(P1) and in green composts (C1; p < 0.001), VFG composts (C2; 
p < 0.001), woody composts (C3; p < 0.001), grass clippings (M1; 
p = 0.001) and woody fractions of composts (M4; p < 0.001) than 
in limed peat-based substrates (P2). Pseudomonas was 
significantly more abundant in green composts (C1; p = 0.006), 
VFG composts (C2; p = 0.002), woody composts (C3; p = 0.01), 
grass clippings (M1; p = 0.005) and woody fractions of composts 
(M4; p = 0.002) than in limed peat-based substrates (P2). The 
relative abundance of Serratia was significantly lower in woody 
composts (C3) than in pure peat-based substrates (P1; p < 0.001) 
and significantly higher in grass clippings (M1; p < 0.001) and 
woody fractions of composts (M4; p < 0.001) than in limed peat-
based substrates (P2). Burkholderia was significantly less 
abundant in green composts (C1) and VFG composts (C2) than 
in pure (P1; p < 0.001 and p = 0.005, respectively) and limed 
peat-based substrates (P2; p < 0.001 and p = 0.005, respectively). 
Streptomyces, Penicillium and Trichoderma were not differential 
abundant in the subtypes of composts and management residues 
compared to the subtypes of peat-based substrates. Other 
genera that were significantly more abundant in at least one 
subtype of composts or management residues also have been 
found in literature to include beneficial species. 

Supplementary Table S9 shows an overview of these genera and 
the species that have been found to have a positive effect on 
disease suppression of plant pathogens in horticulture or to 
have plant growth promoting characteristics in horticultural 
plants. Most of these genera were significantly more abundant 
in green composts (C1), VFG composts (C2) and woody 
composts (C3) and in grass clippings (M1) and woody fractions 
of composts (M4). A larger number of these genera was 
significantly more abundant in the subtypes of composts and 
management residues when compared to limed peat-based 
substrates (P2) than compared to pure peat-based substrates 
(P1; see Supplementary Tables S4–S7).

Genera known to include potential human and/or plant 
pathogens Klebsiella, Enterobacter and Escherichia/Shigella were 
differentially abundant in several subtypes of composts and 
management residues as compared to the subtypes of peat-based 
substrates (Supplementary Table S10). Klebsiella was significantly 
more abundant in grass clippings (M1; p = 0.005) and woody 
fractions of composts (M4; p = 0.009) than in limed peat-based 
substrates. The relative abundance of Enterobacter was significantly 
higher in grass clippings (M1; p < 0.001 and p < 0.001) than in the 
two subtypes of peat-based substrates. Moreover, Enterobacter was 
significantly more abundant in green composts (C1; p = 0.02) and 

FIGURE 3

Mean relative abundances (proportions) ± SE of genera known to include beneficial microorganisms Bacillus, Burkholderia, Paenibacillus, 
Pseudomonas, Serratia, Streptomyces, Penicillium and Trichoderma in the different subtypes of peat-based substrates, composts, and 
management residues. Colors represent the different subtypes in each type of biomass. P1 = pure peat-based substrates (n = 5); P2 = limed peat-
based substrates (n = 5); C1 = green composts (n = 7); C2 = VFG composts (n = 3); C3 = woody composts (n = 4); C4 = peat composts (n = 2); M1 = grass 
clippings (n = 4); M2 = chopped heath (n = 4); M3 = forest sods (n = 2); M4 = woody fractions of composts (n = 2). Asterisk indicates a significant 
difference as compared to P1. Hashtag indicates a significant difference as compared to P2.
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woody fractions of composts (M4; p < 0.001) than in limed peat-
based substrates. The relative abundance of Escherichia/Shigella 
was significantly higher in grass clippings (M1; p = 0.001 and 
p = 0.001, respectively) and woody fractions of composts (M4; 
p = 0.006 and p = 0.006, respectively) than in pure (P1) and limed 
peat-based substrates (P2).

Third, bacterial and fungal diversity in the different subtypes 
of composts, management residues and peat-based substrates 
were determined (Figures 4A,B). Green composts (C1; p = 0.05) 
and woody composts (C3; p = 0.04) showed a significant higher 
bacterial diversity than pure peat-based substrates (P1). Fungal 
diversity was significantly higher in chopped heath (M2; p = 0.04) 
than in pure peat-based substrates (P1).

Differences in functional characteristics of 
microbial community

Functional community composition was not significantly 
different between the different subtypes of biomass 
(Supplementary Figure S5). Metabolic activity, expressed as 
AWCD, showed no significant differences between the subtypes 
of peat-based substrates and subtypes of composts and 
management residues (Figure 4C). Metabolic diversity did not 
significantly differ between the subtypes of peat-based substrates 
and subtypes of composts and management residues (Figure 4D). 
No significant differences in AWCD of different C-sources were 
found between subtypes of composts and management residues 
and subtypes of peat-based substrates (Supplementary Figure S6).

A B

C D

E F

FIGURE 4

Comparison of microbiological characteristics of subtypes of peat-based substrates, composts, and management residues. (A) Mean bacterial 
diversity ± SE, calculated as the Shannon Diversity Index, based on 16S V3-V4 rRNA gene metabarcoding data. (B) Mean fungal diversity ± SE, 
calculated as the Shannon Diversity Index, based on ITS2 gene metabarcoding data. (C) Mean metabolic activity ± SE, expressed as AWCD 
(average well color development), based on data from community-level physiological profiling using Biolog EcoPlates. (D) Mean metabolic 
diversity ± SE, calculated as the Shannon diversity index, based on data from community-level physiological profiling using Biolog EcoPlates. 
(E) Mean total microbial biomass ± SE (nmol/g OM), based on PLFA analysis data. (F) Mean fungal to bacterial ratio (F/B) ± SE, based on PLFA 
analysis data. P1 = pure peat-based substrates (n = 5); P2 = limed peat-based substrates (n = 5); C1 = green composts (n = 7); C2 = VFG composts 
(n = 3); C3 = woody composts (n = 4); C4 = peat composts (n = 2); M1 = grass clippings (n = 4); M2 = chopped heath (n = 4); M3 = forest sods (n = 2); 
M4 = woody fractions of composts (n = 2). Asterisk indicates a significant difference as compared to P1, and hashtag indicates a significant 
difference as compared to P2.
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Differences in microbial biomass
PCA showed a significant difference in microbial biomass 

between the different subtypes of biomass (Supplementary Figure 
S7). Green composts (C1; p = 0.009 and p = 0.02, respectively), VFG 
composts (C2; p < 0.001 and p = 0.001, respectively) have a significant 
higher microbial biomass than pure (P1) and limed peat-based 
substrates (P2). Grass clippings (M1; p < 0.001 and p = 0.002, 
respectively) and chopped heath (M2; p = 0.02 and p = 0.05, 
respectively) have a significant higher microbial biomass than pure 
(P1) and limed peat-based substrates (P2; Figure 4E).

Grass clippings (M1; p = 0.04 and p = 0.004, respectively) have 
a significant higher fungi/bacteria ratio than pure (P1) and limed 
peat-based substrates (P2). Chopped heath (M2) has a significant 
higher fungi/bacteria ratio than limed peat-based substrates (P2; 
p = 0.04; Figure 4F).

Inoculation with Trichoderma harzianum
No significant differences in inoculation efficiency were found 

between the different subtypes of composts and management 
residues (Supplementary Figure S8).

For peat-based substrates, net inoculation was not 
significantly correlated with the initial microbial characteristics. 
Net inoculation in composts was significantly correlated with 
the initial biomass of non-specific bacteria (p = 0.01; 
rho = −0.82), Gram-positive bacteria (p = 0.01; rho = −0.78), 
Actinomycetes (p = 0.02; rho = −0.73), Gram-negative bacteria 
(p = 0.02; rho = −0.73), fungi (p = 0.001; rho = −0.89), and the 
total initial microbial biomass (p = 0.01; rho = −0.77). In 
management residues, net inoculation was significantly 
correlated with the initial biomass of fungi (p = 0.04; rho = −061; 
Figure 5).

Discussion

Composts, management residues and peat-based substrates 
showed differences in their microbial community composition. 
However, even within each type of biomass, a high in-between 
sample variability in the bacterial and fungal community could 
be noted. To look deeper into this variability, the three types of 

A

B

FIGURE 5

Correlations between initial microbial characteristics of composts and management residues and net inoculation of Trichoderma harzianum. 
(A) Net inoculation in composts was significantly correlated with the initial biomass of non-specific bacteria, Gram-positive bacteria, 
Actinomycetes, Gram-negative bacteria, fungi, and the total initial microbial biomass. (B) Net inoculation in management residues was significantly 
correlated with biomass of fungi. Determination coefficients (R2) are shown. Colors indicate the different subtypes of composts and management 
residues. C1 = green composts (n = 3); C2 = VFG composts (n = 1); C3 = woody composts (n = 4); C4 = peat composts (n = 2); M1 = grass clippings (n = 4); 
M2 = chopped heath (n = 4); M3 = forest sods (n = 2); M4 = woody fractions of composts (n = 2).
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biomass were classified in subtypes using a feedstock-based 
classification that is also used by commercial suppliers. Based on 
these subtypes, the microbiological characteristics of composts, 
management residues were studied in comparison to peat-based 
substrates in three ways.

First, it was assessed how feedstock and (bio)chemical 
characteristics drive microbiological characteristics of subtypes of 
peat-based substrates, composts, and management residues and 
how these subtypes of compost and management residues differ 
from peat-based substrates.

Samples of pure peat-based substrates showed a different 
microbial community than limed peat-based substrates, 
indicating that liming of the substrates influences the 
microbiome. Therefore, for microbiological characteristics, the 
classification based on liming of the peat-based substrates 
seems relevant. Bacterial community composition was not 
related to any other (bio)chemical characteristics. Differences 
in fungal community composition were related to nitrogen 
immobilization. Jezile et al. (2009) showed that the addition of 
lime to soil can cause an increase in nitrogen immobilization 
caused by a higher microbial activity, which may explain 
differences in nitrogen immobilization between pure and limed 
peat-based substrates. Differences in N immobilization in soils 
can also be  linked to differences in microbial community 
composition (Schimel et al., 2005).

For composts, samples of feedstock-based subtypes 
clustered relatively closely together, indicating a similar 
microbiological composition within each feedstock-based 
subtype. For other types of compost, Ashraf et al. (2007) and 
Neher et  al. (2013) also showed that bacterial and fungal 
communities responded to feedstock, resulting in distinct types 
of microbial communities in composts produced from different 
materials. In this study, there was, however, considerable 
overlap between several feedstock-based subtypes of composts. 
Microbial community composition of green composts and VFG 
composts showed large overlap, especially for fungal community 
composition. These similarities in microbial community 
composition may be due to similarities in feedstock, as there is 
a large diversity of source materials for both subtypes. Reyes-
Torres et al. (2018) showed high variability in the composition 
of green composts due to the diversity of source materials. 
Woody composts and peat composts also showed large overlap, 
for both bacterial and fungal community composition. Again, 
similarities in feedstock may cause the similarities in microbial 
community composition for both subtypes of compost. 
Differences in bacterial community composition between 
different composts were most strongly related to chlorine 
content and nitrate, while differences in fungal community 
composition were most strongly related to nitrate. Other studies 
also reported that bacterial and fungal community composition 
were affected by nitrate (Zhang et al., 2011; Wu et al., 2020). 
Other chemical characteristics that have been reported to 
be  related to bacterial community composition in composts 
include pH, organic matter and water soluble carbon, while 

fungal community composition can be  related to organic 
carbon, water soluble carbon, and C/N (Zhang et  al., 2011; 
Huhe et al., 2017; Sun et al., 2020; Wu et al., 2020). The chemical 
characteristics that were relatively strongly related to both 
bacterial and fungal community composition in this study were 
nitrate and Cl.

For nature management residues, feedstock-based subtypes 
were more difficult to distinguish based on microbiological 
community composition, with relative high dispersion between 
samples of feedstock-based subtypes. Miserez et  al. (2019b) 
showed that management techniques, such as plaggen and 
chopping the heath vegetation, are an important determinant 
for chemical and physical characteristics of nature management 
residues. However, considerable variation in physical 
characteristics was seen between samples of chopped heath, 
which may be caused by variation in the amount of mineral 
material that is removed during chopping. Variation in 
management techniques may also cause variation in 
microbiological characteristics of feedstock-based subtypes 
observed in this study. Differences in bacterial community 
composition between management residues were mainly related 
to pH, while differences in fungal community composition were 
mainly related to hemicellulose content. Miserez et al. (2019b) 
reported that management residues show considerable 
differences in hemicellulose content. The fungal community 
may be influenced by hemicellulose, as saprotrophic fungi are 
efficient degraders of hemicellulose and other recalcitrant 
fractions of plant residues (van der Wal et al., 2013). No (bio)
chemical characteristics were related to both bacterial and 
fungal community composition.

Previous studies already showed that composts and woody 
materials, such as wood fiber, display distinct microbial 
community profiles compared to peat (Green et  al., 2004; 
Montagne et  al., 2015, 2017). Montagne et  al. (2015, 2017) 
reported that the microbial community in horticultural 
substrates is strongly dependent on substrate characteristics 
such as the origin of the material and physical structure due to 
the production process, resulting in globally distinct microbial 
communities in distinct types of substrates. Pot et al. (2022) 
showed that a microbial community diverging from that of 
peat-based substrates may be  most favorable in disease 
suppressive growing media. Based on this information, for 
composts, green composts and woody composts have the most 
opportunity as these show the largest difference in either 
bacterial or fungal community compared to peat-based 
substrates. For management residues, woody fractions of 
composts showed the largest difference in bacterial community 
composition as compared to peat-based substrates. Grass 
clippings and chopped heath showed the largest difference in 
fungal community composition compared to pure and limed 
peat-based substrates, respectively.

Second, to look more into detail in the differences between 
subtypes of composts and management residues, different 
microbiological characteristics that have been reported in 
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literature as indicators for plant growth and health promotion in 
horticultural substates or soils were evaluated, i.e., presence of 
genera associated with known beneficial microorganisms, absence 
of genera with known pathogens, microbial diversity, functional 
diversity and metabolic activity, microbial biomass, and fungal to 
bacterial ratio.

Some subtypes of composts and management residues showed 
a significantly higher abundance for genera known to be associated 
with beneficial microorganisms. Compared to pure peat-based 
substrates, only green composts, woody composts, and woody 
fractions of composts showed a significant increase in the relative 
abundance of at least one genus associated with beneficial 
microorganisms. Compared to limed peat-based substrates, more 
subtypes showed a significant increase in these genera and more of 
these genera were significantly increased in relative abundance. 
Green composts, VGF composts, woody composts, grass clippings, 
and woody fractions of composts showed an increase in at least three 
beneficial genera. The higher abundance of these genera in composts 
and management residues may be a benefit as compared to peat-
based substrates. Several studies have shown high abundances of 
plant growth promoting microorganisms and biocontrol agents, 
such as Bacillus spp., Pseudomonas spp., Serratia spp., Paenibacullus 
spp., and Trichoderma spp., in composts, leading to better plant 
growth and higher disease suppressiveness (Dukare et  al., 2011; 
Chen et al., 2012; Antoniou et al., 2017; Lutz et al., 2020; Neher et al., 
2022). Mendes et al. (2011) showed that the relative abundance of 
genera associated with beneficial microorganisms (i.e., significant 
higher abundance) is an important indicator for disease 
suppressiveness. The important remark should be made, however, 
that metabarcoding does not allow to reliably identify 
microorganisms at species level and that their function is unknown. 
It is therefore not sure if beneficial species or strains are present and 
functional in the samples. Further analysis, such as isolation of these 
strains, would therefore be necessary to confirm the presence of 
beneficial strains in the samples. However, studies have shown that 
relative abundances at genus level can also give an indication of 
disease suppression (Mendes et al., 2011; Liu et al., 2016, 2019).

Besides beneficial microorganisms, also pathogens may 
be present in composts and management residues, including human 
pathogens, belonging to genera such as Salmonella, Escherichia, 
Klebsiella, Shigella, and Enterobacter, or plant pathogens that can 
infect the plant roots via the growing medium, belonging to genera 
such as Verticillium, Rhizoctonia, Sclerotinia, and Plasmodiaphora. 
The genera Klebsiella, Enterobacter, and Escherichia/Shigella were 
present in some subtypes of peat-based substrates, composts, and 
management residues, specifically in pure peat-based substrates, 
green composts, grass clippings, and woody fractions of composts. 
However, again, the remark should be made that metabarcoding 
cannot confirm the presence and function of pathogenic strains in the 
samples. Further analysis, such as isolation via plating, would 
be necessary to confirm this. Moreover, several of the species included 
in these genera even have been shown to be non-pathogenic or even 
to have positive effects on plants. Several strains in the Escherichia/
Shigella genus have been reported to be non-pathogenic (Welch, 

2006; Liu, 2019). Enterobacter sp. and Klebsiella sp. have been reported 
to have plant growth promoting or disease suppressive effects in 
different plants (Chelius and Triplett, 2000; Ngamau et al., 2012; 
Marcos et al., 2015; Anzuay et al., 2017; Neher et al., 2022). Further 
analysis at species level would be needed to study the presence of 
pathogenic species. In addition, although relative abundances of some 
of these genera were significantly increased is subtypes in composts 
and management residues, they were in general found in very small 
abundances. Other genera that may include human and/or plant 
pathogens, such as Salmonella, Verticillium, Rhizoctonia, Sclerotinia 
or Plasmodiaphora, were not found in any of the subtypes. Based on 
those results, it may be  concluded that the different subtypes of 
composts and management residues are relatively safe for use 
in substrates.

Based on estimations of bacterial diversity in composts and 
peat by Neher et  al. (2013) and De Tender et  al. (2016a), 
respectively, it was hypothesized that composts are more diverse 
than peat. Green composts and woody composts showed a 
significant higher bacterial diversity than pure peat-based 
substrates, while chopped heath showed a significant higher 
fungal diversity than pure peat-based substrates. However, none 
of the subtypes of composts or management residues showed a 
significantly higher bacterial or fungal diversity than limed peat-
based substrates. A higher microbial diversity may be considered 
to be positive for the use in substrates, as this may outcompete 
pathogens by niche saturation, leading to a higher disease 
suppressiveness (Chaparro et  al., 2012; van Elsas et  al., 2012; 
Bongiorno et al., 2019). In addition, studies have also shown a 
positive effect of microbial diversity on plant growth (Wagg et al., 
2011; Weidner et al., 2015; Kolton et al., 2017).

Subtypes of composts and management residues were 
expected to have a higher functional diversity and metabolic 
activity than peat-based substrates (Pane et al., 2011; Lutz et al., 
2020). However, subtypes of composts and management residues 
did not show a significant higher functional diversity or metabolic 
activity than subtypes of peat-based substrates.

Vandecasteele et  al. (2021) showed that composts and 
management residues in general have a higher microbial biomass 
compared to peat-based substrates. The present study showed that 
this is not the case for all subtypes of composts and management 
residues. For composts, only green composts and VGF composts 
showed a significantly higher microbial biomass than pure and 
limed peat-based substrates. For management residues, grass 
clippings and chopped heath showed a significant higher microbial 
biomass than pure and limed peat-based substrates. In addition, 
Vandecasteele et  al. (2021) showed that management residues 
showed in general a higher fungal to bacterial ratio than peat-
based substrates. However, for the subtypes of management 
residues, only grass clippings and chopped heath showed a 
significant higher fungal to bacterial ratio. A high microbial 
biomass and fungal to bacterial ratio may be related to higher 
disease suppression (Bongiorno et  al., 2019; De Corato, 2020; 
Neher et al., 2022). Microbial biomass has also been associated 
with increased yield (Shen et al., 2016).
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To assess if the different beneficial microbiological 
characteristics of subtypes of composts and management residues 
result in enhanced plant growth and/or disease suppression, the 
data of this study should be linked to plant-pathogens experiments 
in which different subtypes are used as a peat replacer.

Third, it was assessed if different types of composts and 
management residues can increase inoculation efficiency of 
T. harzianum, a biocontrol fungus, and which microbiological 
characteristics of composts and management residues can be used 
to predict inoculation efficiency. Joos et al. (2020) showed that 
different composts are suitable carrier media for T. harzianum. In 
addition, Vandecasteele et al. (2021) showed that composts have a 
significant higher inoculation efficiency than peat-based 
substrates. However, when the subtypes of composts or 
management residues were compared to pure and limed peat-
based substrates, no significant differences were found in 
inoculation efficiency. A possible explanation for this may be that 
there were no significant differences in the organic matter content 
between the subtypes of composts and management residues, 
which is positively correlated with the survival rate of T. harizanum 
(Kibaki et  al., 2006). Net inoculation of T. harzianum was 
significantly correlated with initial microbiological characteristics 
of composts and management residues. For composts, the initial 
biomass of non-specific bacteria, Gram-positive bacteria, 
Actinomycetes, Gram-negative bacteria, fungi, and the total initial 
microbial biomass was significantly correlated with net 
inoculation of the biocontrol fungus. Fungal biomass showed the 
strongest correlation. For management residues, fungal biomass 
was significantly correlated with net inoculation of the biocontrol 
fungus. These results show that fungal biomass may be a suitable 
predictor for inoculation efficiency with T. harzianum for both 
composts and management residues. This may be due to lower 
competition for nutrients and niches in substrates with a low 
initial fungal biomass (Fliessbach et al., 2009; Quiza et al., 2015). 
In further research, the relation between fungal biomass and 
inoculation efficiency of a biocontrol fungus could be studied for 
different biocontrol products and in other horticultural substrates.

Conclusion

For composts and peat-based substrates, a classification based 
on feedstock is relevant for bacterial and fungal community 
compositions, while for nature management residues feedstock-
based subtypes may be less relevant for microbiology, as these 
subtypes were more difficult to distinguish based on microbial 
community composition. For composts, differences in bacterial 
community composition were related to chlorine and nitrate, 
while fungal community composition was related to nitrate. 
Bacterial and fungal community composition between 
management residues were mainly related to pH and hemicellulose 
content, respectively. Based on the microbiological characteristics, 
the subtypes showing the most potential to enhance plant growth 
and/or health are green composts, VFG composts, and woody 

composts in horticultural substrates for non-acidophilic plants 
and grass clippings, chopped heath, and woody fractions of 
compost for horticultural substrates for calcifuge plants. Further 
research should link these data to plant-pathogen experiments. 
Fungal biomass may be  a suitable predictor for inoculation 
efficiency with T. harzianum for both composts and management 
residues. Further research should focus on evaluating this for 
different biocontrol products and other horticultural substrates.

Data availability statement

The datasets presented in this study can be found in online 
repositories. The names of the repository/repositories and accession 
number(s) can be  found at: https://www.ncbi.nlm.nih.gov/, 
PRJNA624053; https://www.ncbi.nlm.nih.gov/, PRJNA715731; 
https://www.ncbi.nlm.nih.gov/, PRJNA767265.

Author contributions

JD, BV, ID, KV, CT, and JC were involved in the design and 
supervision of the study. SO conducted the metabarcoding, 
PLFA analysis, and inoculation experiment. SP conducted the 
Biolog EcoPlates experiment, conducted the statistical analysis 
of the data, and wrote the first draft and finalized the 
manuscript. SO and SP conducted the bio-informatics of the 
NGS data. All authors contributed to the article and approved 
the submitted version.

Funding

This work was supported by Flanders Innovation & 
Entrepreneurship (HBC.2017.0815) (Bi-o-ptimal@work – 
Sustainable cultivation in container and open field by using 
innovative and local materials with enhanced microbial life, ready 
for use and implementation by ornamental growers). CT received 
a grant of the Research Foundation Flanders (FWO) with 
application number (12S9418N). KV received an FWO sabbatical 
bench fee (number VWH-E1313-SAB/22/016).

Conflict of interest

The authors declare that the research was conducted in the 
absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of 
the authors and do not necessarily represent those 

57

https://doi.org/10.3389/fmicb.2022.983855
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.ncbi.nlm.nih.gov/
https://www.ncbi.nlm.nih.gov/
https://www.ncbi.nlm.nih.gov/


Pot et al. 10.3389/fmicb.2022.983855

Frontiers in Microbiology 16 frontiersin.org

of their affiliated organizations, or those of the publisher, 
the editors and the reviewers. Any product that may be 
evaluated in this article, or claim that may be made by 
its manufacturer, is not guaranteed or endorsed by 
the publisher.

Supplementary material

The Supplementary material for this article can be found online 
at: https://www.frontiersin.org/articles/10.3389/fmicb.2022.983855/
full#supplementary-material

References
Alam, M. Z., Braun, G., Norrie, J., and Mark Hodges, D. (2014). Ascophyllum extract 

application can promote plant growth and root yield in carrot associated with increased 
root-zone soil microbial activity. Can. J. Plant Sci. 94, 337–348. doi: 10.4141/cjps2013-135

Alexander, P., Bragg, N., Meade, R., Padelopoulos, G., and Watts, O. (2008). Peat 
in horticulture and conservation: the UK response to a changing world. Mires and 
Peat 3.

Al-Sadi, A. M., Al-Said, F. A., Al-Jabri, A. H., Al-Mahmooli, I. H., Al-Hinai, A. H., 
and de Cock, A. W. A. M. (2011). Occurrence and characterization of fungi and 
oomycetes transmitted via potting mixtures and organic manures. Crop Prot. 30, 
38–44. doi: 10.1016/j.cropro.2010.09.015

Al-Sadi, A. M., Al-Zakwani, H. A., Nasehi, A., Al-Mazroui, S. S., and 
Al-Mahmooli, I. H. (2016). Analysis of bacterial communities associated with 
potting media. Springerplus 5:74. doi: 10.1186/s40064-016-1729-0

Andrews, S. (2010). FastQC: A quality control tool for high throughput sequence 
data. Available at: http://www.bioinformatics.babraham.ac.uk/projects/fastqc/

Antoniou, A., Tsolakidou, M.-D., Stringlis, I. A., and Pantelides, I. S. (2017). 
Rhizosphere microbiome recruited from a suppressive compost improves plant 
fitness and increases protection against vascular wilt pathogens of tomato. Front. 
Plant Sci. 8:2022. doi: 10.3389/fpls.2017.02022

Anzuay, M. S., Ciancio, M. G. R., Ludueña, L. M., Angelini, J. G., Barros, G., 
Pastor, N., et al. (2017). Growth promotion of peanut (Arachis hypogaea L.) and 
maize (Zea mays L.) plants by single and mixed cultures of efficient phosphate 
solubilizing bacteria that are tolerant to abiotic stress and pesticides. Microbiol. Res. 
199, 98–109. doi: 10.1016/j.micres.2017.03.006

Ashraf, R., Shahid, F., and Ali, T. (2007). Association of fungi, bacteria and 
actinomycetes with different composts. Pak. J. Bot. 39, 2141–2151.

Berendsen, R. L., Pieterse, C. M. J., and Bakker, P. A. H. M. (2012). The rhizosphere 
microbiome and plant health. Trends Plant Sci. 17, 478–486. doi: 10.1016/j.
tplants.2012.04.001

Bhattacharyya, P. N., and Jha, D. K. (2012). Plant growth-promoting rhizobacteria 
(PGPR): emergence in agriculture. World J. Microbiol. Biotechnol. 28, 1327–1350. 
doi: 10.1007/s11274-011-0979-9

Blaya, J., Marhuenda, F. C., Pascual, J. A., and Ros, M. (2016). Microbiota 
characterization of compost using omics approaches opens new perspectives for 
Phytophthora root rot control. PLoS One 11:e0158048. doi: 10.1371/journal.
pone.0158048

Bolger, A. M., Lohse, M., and Usadel, B. (2014). Trimmomatic: a flexible trimmer 
for Illumina sequence data. Bioinformatics 30, 2114–2120. doi: 10.1093/
bioinformatics/btu170

Bongiorno, G., Postma, J., Bünemann, E. K., Brussaard, L., de Goede, R. G. M., 
Mäder, P., et al. (2019). Soil suppressiveness to Pythium ultimum in ten European 
long-term field experiments and its relation with soil parameters. Soil Biol. Biochem. 
133, 174–187. doi: 10.1016/j.soilbio.2019.03.012

Bonn, A., Allott, T., Evans, M., Joosten, H., and Stoneman, R. (2016). Peatland 
Restoration and Ecosystem Services: Science, Policy and Practice. Cambridge, UK: 
Cambridge University Press.

Brussaard, L., de Ruiter, P. C., and Brown, G. G. (2007). Soil biodiversity for 
agricultural sustainability. Agric. Ecosyst. Environ. 121, 233–244. doi: 10.1016/j.
agee.2006.12.013

Bustamante, M., Paredes, C., Moral, R., Agulló, E., Murcia, P., and Abad, M. 
(2008). Composts from distillery wastes as peat substitutes for transplant 
production. Resour. Conserv. Recycl. 52, 792–799. doi: 10.1016/j.resconrec. 
2007.11.005

Callahan, B. J., McMurdie, P. J., Rosen, M. J., Han, A. W., Johnson, A. J., and 
Holmes, S. P. (2015). DADA2: high resolution sample inference from amplicon data. 
Bio RXiv, 024034. doi: 10.1101/024034

Cartwright, D. K. (1995). Commercial potting medium as the source of Pythium 
causing a disease on tobacco transplants. Plant Dis. 79:538. doi: 10.1094/PD-79-0538A

Chaparro, J. M., Sheflin, A. M., Manter, D. K., and Vivanco, J. M. (2012). 
Manipulating the soil microbiome to increase soil health and plant fertility. Biol. 
Fertil. Soils 48, 489–499. doi: 10.1007/s00374-012-0691-4

Chelius, M. K., and Triplett, E. W. (2000). Immunolocalization of dinitrogenase 
reductase produced by Klebsiella pneumoniae in association with Zea mays L. Appl. 
Environ. Microbiol. 66, 783–787. doi: 10.1128/AEM.66.2.783-787.2000

Chen, M.-H., Jack, A. L. H., McGuire, I. C., and Nelson, E. B. (2012). Seed-
colonizing bacterial communities associated with the suppression of Pythium 
seedling disease in a municipal biosolids compost. Phytopathology 102, 478–489. 
doi: 10.1094/PHYTO-08-11-0240-R

De Corato, U. (2020). Disease-suppressive compost enhances natural soil 
suppressiveness against soil-borne plant pathogens: a critical review. Rhizosphere 
13:100192. doi: 10.1016/j.rhisph.2020.100192

De Tender, C., Debode, J., Vandecasteele, B., D’Hose, T., Cremelie, P., 
Haegeman, A., et al. (2016a). Biological, physicochemical and plant health responses 
in lettuce and strawberry in soil or peat amended with biochar. Appl. Soil Ecol. 107, 
1–12. doi: 10.1016/j.apsoil.2016.05.001

Dukare, A. S., Prasanna, R., Chandra Dubey, S., Nain, L., Chaudhary, V., Singh, R., 
et al. (2011). Evaluating novel microbe amended composts as biocontrol agents in 
tomato. Crop Prot. 30, 436–442. doi: 10.1016/j.cropro.2010.12.017

Epstein, E. (2001). “Human pathogens: hazards, controls, and precautions in 
compost,” in Compost Utilization in Horticultural Cropping Systems. eds. P. J. Stofella 
and B. A. Kahn (Boca Raton, Florida, USA: CRS Press LLC).

Figueiredo, M. D. V. B., Seldin, L., De Araujo, F. F., and Mariano, R. D. L. R. 
(2011). “Plant growth promoting rhizobacteria: fundamentals and applications,” in 
Plant Growth and Health Promoting Bacteria. ed. D. K. Maheshwari (Heidelberg, 
Germany: Springer), 21–43.

Fliessbach, A., Winkler, M., Lutz, M. P., Oberholzer, H.-R., and Mäder, P. (2009). 
Soil amendment with Pseudomonas fluorescens CHA0: lasting effects on soil 
biological properties in soils low in microbial biomass and activity. Microb. Ecol. 57, 
611–623. doi: 10.1007/s00248-009-9489-9

Garland, J. L., and Mills, A. L. (1991). Classification and characterization of 
heterotrophic microbial communities on the basis of patterns of community-level 
sole-carbon-source utilization. Appl. Environ. Microbiol. 57, 2351–2359. Pub Med. 
doi: 10.1128/AEM.57.8.2351-2359.1991

Glöckner, F. O., Yilmaz, P., Quast, C., Gerken, J., Beccati, A., Ciuprina, A., et al. 
(2017). 25 years of serving the community with ribosomal RNA gene reference 
databases and tools. J. Biotechnol. 261, 169–176. doi: 10.1016/j.jbiotec.2017.06.1198

Graham, M. H., and Haynes, R. (2005). Catabolic diversity of soil microbial 
communities under sugarcane and other land uses estimated by biolog and 
substrate-induced respiration methods. Appl. Soil Ecol. 29, 155–164. doi: 10.1016/j.
apsoil.2004.11.002

Green, S. J., Michel, F. C., Hadar, Y., and Minz, D. (2004). Similarity of bacterial 
communities in sawdust- and straw-amended cow manure composts. FEMS 
Microbiol. Lett. 233, 115–123. doi: 10.1016/j.femsle.2004.01.049

Hernandez-Apaolaza, L., Gasco, A. M., Gasco, J. M., and Guerrero, F. (2005). 
Reuse of waste materials as growing media for ornamental plants. Bioresour. Technol. 
96, 125–131. doi: 10.1016/j.biortech.2004.02.028

Herrera, F., Castillo, J. E., Chica, A. F., and Lopez Bellido, L. (2008). Use of 
municipal solid waste compost (MSWC) as a growing medium in the nursery 
production of tomato plants. Bioresour. Technol. 99, 287–296. doi: 10.1016/j.
biortech.2006.12.042

Hoitink, H. A. J., and Boehm, M. J. (1999). Biocontrol within the context of soil 
microbial communities: a substrate-dependent phenomenon. Annu. Rev. 
Phytopathol. 37, 427–446. doi: 10.1146/annurev.phyto.37.1.427

Huhe, , Jiang, C., Wu, Y., and Cheng, Y. (2017). Bacterial and fungal communities 
and contribution of physicochemical factors during cattle farm waste composting. 
Microbiol. Open 6:e00518. doi: 10.1002/mbo3.518

Jezile, G. G., Westfall, D. G., Peterson, G., Child, D. R., Turner, D. P., and 
Averbeke, W. V. (2009). Effects of liming on microbial activity and N mineralization 
in broiler manure-amended soils from Bizana, eastern cape, South Africa. S. Afr. J. 
Plant Soil 26, 18–23. doi: 10.1080/02571862.2009.10639927

Jones, P., and Martin, M. (2003). A Review of the Literature on the Occurrence and 
Survival of Pathogens of Animals and Humans in Garden Compost. The Waste and 
Resources Action Programme. Oxford, UK: Banbury.

58

https://doi.org/10.3389/fmicb.2022.983855
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fmicb.2022.983855/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2022.983855/full#supplementary-material
https://doi.org/10.4141/cjps2013-135
https://doi.org/10.1016/j.cropro.2010.09.015
https://doi.org/10.1186/s40064-016-1729-0
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://doi.org/10.3389/fpls.2017.02022
https://doi.org/10.1016/j.micres.2017.03.006
https://doi.org/10.1016/j.tplants.2012.04.001
https://doi.org/10.1016/j.tplants.2012.04.001
https://doi.org/10.1007/s11274-011-0979-9
https://doi.org/10.1371/journal.pone.0158048
https://doi.org/10.1371/journal.pone.0158048
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1016/j.soilbio.2019.03.012
https://doi.org/10.1016/j.agee.2006.12.013
https://doi.org/10.1016/j.agee.2006.12.013
https://doi.org/10.1016/j.resconrec.2007.11.005
https://doi.org/10.1016/j.resconrec.2007.11.005
https://doi.org/10.1101/024034
https://doi.org/10.1094/PD-79-0538A
https://doi.org/10.1007/s00374-012-0691-4
https://doi.org/10.1128/AEM.66.2.783-787.2000
https://doi.org/10.1094/PHYTO-08-11-0240-R
https://doi.org/10.1016/j.rhisph.2020.100192
https://doi.org/10.1016/j.apsoil.2016.05.001
https://doi.org/10.1016/j.cropro.2010.12.017
https://doi.org/10.1007/s00248-009-9489-9
https://doi.org/10.1128/AEM.57.8.2351-2359.1991
https://doi.org/10.1016/j.jbiotec.2017.06.1198
https://doi.org/10.1016/j.apsoil.2004.11.002
https://doi.org/10.1016/j.apsoil.2004.11.002
https://doi.org/10.1016/j.femsle.2004.01.049
https://doi.org/10.1016/j.biortech.2004.02.028
https://doi.org/10.1016/j.biortech.2006.12.042
https://doi.org/10.1016/j.biortech.2006.12.042
https://doi.org/10.1146/annurev.phyto.37.1.427
https://doi.org/10.1002/mbo3.518
https://doi.org/10.1080/02571862.2009.10639927


Pot et al. 10.3389/fmicb.2022.983855

Frontiers in Microbiology 17 frontiersin.org

Joos, L., Herren, G. L., Couvreur, M., Binnemans, I., Oni, F. E., Höfte, M., et al. 
(2020). Compost is a carrier medium for Trichoderma harzianum. Biol. Control 65, 
737–749. doi: 10.1007/s10526-020-10040-z

Kavroulakis, N., Ntougias, S., Zervakis, G. I., Ehaliotis, C., Haralampidis, K., and 
Papadopoulou, K. K. (2007). Role of ethylene in the protection of tomato plants 
against soil-borne fungal pathogens conferred by an endophytic Fusarium solani 
strain. J. Exp. Bot. 58, 3853–3864. doi: 10.1093/jxb/erm230

Kibaki, J., Hau, B., and Waiganjo, M. M. (2006). “Growth and survival of 
Trichoderma harzianum as influenced by substrate compost content,” in Proceedings 
of 10th KARI Biennial Scientific Conference, I.

Kolton, M., Graber, E. R., Tsehansky, L., Elad, Y., and Cytryn, E. (2017). Biochar-
stimulated plant performance is strongly linked to microbial diversity and 
metabolic potential in the rhizosphere. New Phytol. 213, 1393–1404. doi: 10.1111/
nph.14253

Krause, M. S., Madden, L. V., and Hoitink, H. A. (2001). Effect of potting mix 
microbial carrying capacity on biological control of rhizoctonia damping-off of 
radish and Rhizoctonia crown and root rot of poinsettia. Phytopathology 91, 
1116–1123. doi: 10.1094/PHYTO.2001.91.11.1116

Kwok, O. C. H., Fahy, P. C., Hoitink, H. A. J., and Kuter, G. A. (1987). Interactions 
between bacteria and Trichoderma hamatum in suppression of Rhizoctonia 
damping-off in bark compost media. Phytopathology Available at: https://scholar.
google.com/scholar_lookup?title=Interactions+between+bacteria+and+Trichoder
ma+hamatum+in+suppression+of+Rhizoctonia+damping-off+in+bark+compost
+media&author=Kwok%2C+O.C.H.&publication_year=1987

Liu, D. (2019). “Escherichia coli,” in Encyclopedia of Microbiology. 4th edn.  
ed. T. M. Schmidt. (Cambridge, UK: Academic Press), 171–182.

Liu, L., Huang, X., Zhao, J., Zhang, J., and Cai, Z. (2019). Characterizing the key 
agents in a disease-suppressed soil managed by reductive soil disinfestation. Appl. 
Environ. Microbiol. 85, e02992–e02918. doi: 10.1128/AEM.02992-18

Liu, X., Zhang, S., Jiang, Q., Bai, Y., Shen, G., Li, S., et al. (2016). Using community 
analysis to explore bacterial indicators for disease suppression of tobacco bacterial 
wilt. Sci. Rep. 6:36773. doi: 10.1038/srep36773

Lutz, S., Thuerig, B., Oberhaensli, T., Mayerhofer, J., Fuchs, J. G., Widmer, F., et al. 
(2020). Harnessing the microbiomes of suppressive composts for plant protection: 
from metagenomes to beneficial microorganisms and reliable diagnostics. Front. 
Microbiol. 11:1810. doi: 10.3389/fmicb.2020.01810

Marcos, F., Freitas Iório, R., Silveira, A., Ribeiro, R., Machado, E., and Lagôa, A. 
(2015). Endophytic bacteria affect sugarcane physiology without changing plant 
growth. Bragantia 75, 1–9. doi: 10.1590/1678-4499.256

Martin, M. (2011). Cutadapt removes adapter sequences from high-throughput 
sequencing reads. EMBnet. J. 17, 10–12. doi: 10.14806/ej.17.1.200

Mendes, R., Kruijt, M., de Bruijn, I., Dekkers, E., van der Voort, M., Schneider, J. H. 
M., et al. (2011). Deciphering the rhizosphere microbiome for disease-suppressive 
bacteria. Science 332, 1097–1100. doi: 10.1126/science.1203980

Michel, J.-C. (2010). The physical properties of peat: a key factor for modern 
growing media. Mires and Peat 6.

Miserez, A., Nelissen, V., Pauwels, E., Schamp, B., Grunert, O., Veken, B., et al. 
(2019b). Characteristics of residues from heathland restauration and management: 
implications for their sustainable use in agricultural soils or growing media. Waste 
Biomass Valorization 11, 4341–4358. doi: 10.1007/s12649-019-00765-z

Miserez, A., Pauwels, E., Schamp, B., Reubens, B., De Nolf, W., De Nolf, L., et al. 
(2019a). The potential of management residues from heathland and forest as a 
growing medium constituent and possible peat alternative for containerized 
ornamentals. Acta Hortic. 1266, 395–404. doi: 10.17660/ActaHortic.2019.1266.55

Montagne, V., Capiaux, H., Barret, M., Cannavo, P., Charpentier, S., Grosbellet, C., 
et al. (2017). Bacterial and fungal communities vary with the type of organic 
substrate: implications for biocontrol of soilless crops. Environ. Chem. Lett. 15, 
537–545. doi: 10.1007/s10311-017-0628-0

Montagne, V., Charpentier, S., Cannavo, P., Capiaux, H., Grosbellet, C., and 
Lebeau, T. (2015). Structure and activity of spontaneous fungal communities in 
organic substrates used for soilless crops. Sci. Hortic. 192, 148–157. doi: 10.1016/j.
scienta.2015.06.011

Neher, D. A., Hoitink, H. A., Biala, J., Rynk, R., and Black, G. (2022). “Chapter 
17—compost use for plant disease suppression,” in The Composting Handbook. ed. 
R. Rynk (Cambridge, UK: Academic Press), 847–878.

Neher, D. A., Weicht, T. R., Bates, S. T., Leff, J. W., and Fierer, N. (2013). Changes 
in bacterial and fungal communities across compost recipes, preparation methods, 
and composting times. PLoS One 8:e79512. doi: 10.1371/journal.pone.0079512

Ngamau, C., Matiru, V., Tani, A., and Wangari, C. (2012). Isolation and 
identification of endophytic bacteria of bananas (Musa spp.) in Kenya and their 
potential as biofertilizers for sustainable banana production. Afr. J. Microbiol. Res. 
6, 6414–6422.

Nilsson, R. H., Larsson, K.-H., Taylor, A. F. S., Bengtsson-Palme, J., Jeppesen, T. S., 
Schigel, D., et al. (2018). The UNITE database for molecular identification of fungi: 

handling dark taxa and parallel taxonomic classifications. Nucleic Acids Res. 47, 
D259–D264. doi: 10.1093/nar/gky1022

Ntougias, S., Papadopoulou, K. K., Zervakis, G. I., Kavroulakis, N., and 
Ehaliotis, C. (2008). Suppression of soil-borne pathogens of tomato by composts 
derived from agro-industrial wastes abundant in Mediterranean regions. Biol. Fertil. 
Soils 44, 1081–1090. doi: 10.1007/s00374-008-0295-1

Oberhänsli, T., Hofer, V., Tamm, L., Fuchs, J., Koller, M., Herforth Rahmé, J., et al. 
(2017). Aeromonas media in compost amendments contributes to suppression of 
Pythium ultimum in cress. Acta Hortic. 1164, 353–360. doi: 10.17660/
ActaHortic.2017.1164.45

Oksanen, J., Blanchet, F. G., Friendly, M., Kindt, R., and Wagner, H. H. (2020). 
vegan: community ecology package. – R package ver. 2.5-7. Available at: https://cran.
rproject.org/web/packages/vegan/

Pane, C., Spaccini, R., Piccolo, A., Scala, F., and Bonanomi, G. (2011). Compost 
amendments enhance peat suppressiveness to Pythium ultimum, Rhizoctonia solani 
and Sclerotinia minor. Biol. Control 56, 115–124. doi: 10.1016/j.biocontrol.2010. 
10.002

Postma, J., Montanari, M., and van den Boogert, P. H. J. F. (2003). Microbial 
enrichment to enhance the disease suppressive activity of compost. Eur. J. Soil Biol. 
39, 157–163. doi: 10.1016/S1164-5563(03)00031-1

Pot, S., De Tender, C., Ommeslag, S., Delcour, I., Ceusters, J., Gorrens, E., et al. 
(2021a). Understanding the shift in the microbiome of composts that are optimized 
for a better fit-for-purpose in growing media. Front. Microbiol. 12:643679. doi: 
10.3389/fmicb.2021.643679

Pot, S., De Tender, C., Ommeslag, S., Delcour, I., Ceusters, J., Gorrens, E., et al. 
(2021b). Shifts in the microbiome of management residues that are optimized for a 
better fit in growing media. Acta Hortic. 1317, 107–114. doi: 10.17660/
ActaHortic.2021.1317.13

Pot, S., De Tender, C., Ommeslag, S., Delcour, I., Ceusters, J., Vandecasteele, B., 
et al. (2022). Suppression of Phytophthora on Chamaecyparis in sustainable 
horticultural substrates depends on fertilization and is linked to the rhizobiome. 
Phytobiomes J. doi: 10.1094/PBIOMES-05-22-0029-R

Quast, C., Pruesse, E., Yilmaz, P., Gerken, J., Schweer, T., Yarza, P., et al. 
(2012). The SILVA ribosomal RNA gene database project: Improved data 
processing and web-based tools. Nucleic Acids Res. 41, D590–D596. doi: 
10.1093/nar/gks1219

Quiza, L., St-Arnaud, M., and Yergeau, E. (2015). Harnessing phytomicrobiome 
signaling for rhizosphere microbiome engineering. Front. Plant Sci. 6:507. doi: 
10.3389/fpls.2015.00507

Reyes-Torres, M., Oviedo-Ocaña, E. R., Dominguez, I., Komilis, D., and 
Sánchez, A. (2018). A systematic review on the composting of green waste: feedstock 
quality and optimization strategies. Waste Manag. 77, 486–499. doi: 10.1016/j.
wasman.2018.04.037

Robinson, M. D., McCarthy, D. J., and Smyth, G. K. (2010). Edge R: a Bioconductor 
package for differential expression analysis of digital gene expression data. 
Bioinformatics 26, 139–140. doi: 10.1093/bioinformatics/btp616

Schimel, J., Bennett, J., and Fierer, N. (2005). “Microbial community composition 
and soil nitrogen cycling: is there really a connection?” in Biological Diversity and 
Function in Soils. eds. R. Bardgett, M. Usher and D. Hopkins (Cambridge: 
Cambridge University Press), 171–188.

Schmilewski, G. (2008). The role of peat in assuring the quality of growing media. 
Mires and Peat 3.

Shen, Y., Chen, Y., and Li, S. (2016). Microbial functional diversity, biomass and 
activity as affected by soil surface mulching in a semiarid farmland. PLoS One 
11:e0159144. doi: 10.1371/journal.pone.0159144

Sun, L., Han, X., Li, J., Zhao, Z., Liu, Y., Xi, Q., et al. (2020). Microbial community 
and its association with physicochemical factors during compost bedding for dairy 
cows. Front. Microbiol. 11:254. doi: 10.3389/fmicb.2020.00254

van der Wal, A., Geydan, T. D., Kuyper, T. W., and de Boer, W. (2013). A 
thready affair: linking fungal diversity and community dynamics to terrestrial 
decomposition processes. FEMS Microbiol. Rev. 37, 477–494. doi: 10.1111/ 
1574-6976.12001

van Elsas, J. D., Chiurazzi, M., Mallon, C. A., Elhottovā, D., Krištůfek, V., and 
Salles, J. F. (2012). Microbial diversity determines the invasion of soil by a bacterial 
pathogen. Proc. Natl. Acad. Sci. U. S. A. 109, 1159–1164. doi: 10.1073/
pnas.1109326109

Vandecasteele, B., Pot, S., Maenhout, K., Delcour, I., Vancampenhout, K., and 
Debode, J. (2021). Acidification of composts versus woody management 
residues: optimizing biological and chemical characteristics for a better fit in 
growing media. J. Environ. Manag. 277:111444. doi: 10.1016/j.jenvman.2020. 
111444

Wagg, C., Jansa, J., Schmid, B., and van der Heijden, M. G. A. (2011). Belowground 
biodiversity effects of plant symbionts support aboveground productivity. Ecol. Lett. 
14, 1001–1009. doi: 10.1111/j.1461-0248.2011.01666.x

59

https://doi.org/10.3389/fmicb.2022.983855
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1007/s10526-020-10040-z
https://doi.org/10.1093/jxb/erm230
https://doi.org/10.1111/nph.14253
https://doi.org/10.1111/nph.14253
https://doi.org/10.1094/PHYTO.2001.91.11.1116
https://scholar.google.com/scholar_lookup?title=Interactions+between+bacteria+and+Trichoderma+hamatum+in+suppression+of+Rhizoctonia+damping-off+in+bark+compost+media&author=Kwok%2C+O.C.H.&publication_year=1987
https://scholar.google.com/scholar_lookup?title=Interactions+between+bacteria+and+Trichoderma+hamatum+in+suppression+of+Rhizoctonia+damping-off+in+bark+compost+media&author=Kwok%2C+O.C.H.&publication_year=1987
https://scholar.google.com/scholar_lookup?title=Interactions+between+bacteria+and+Trichoderma+hamatum+in+suppression+of+Rhizoctonia+damping-off+in+bark+compost+media&author=Kwok%2C+O.C.H.&publication_year=1987
https://scholar.google.com/scholar_lookup?title=Interactions+between+bacteria+and+Trichoderma+hamatum+in+suppression+of+Rhizoctonia+damping-off+in+bark+compost+media&author=Kwok%2C+O.C.H.&publication_year=1987
https://doi.org/10.1128/AEM.02992-18
https://doi.org/10.1038/srep36773
https://doi.org/10.3389/fmicb.2020.01810
https://doi.org/10.1590/1678-4499.256
https://doi.org/10.14806/ej.17.1.200
https://doi.org/10.1126/science.1203980
https://doi.org/10.1007/s12649-019-00765-z
https://doi.org/10.17660/ActaHortic.2019.1266.55
https://doi.org/10.1007/s10311-017-0628-0
https://doi.org/10.1016/j.scienta.2015.06.011
https://doi.org/10.1016/j.scienta.2015.06.011
https://doi.org/10.1371/journal.pone.0079512
https://doi.org/10.1093/nar/gky1022
https://doi.org/10.1007/s00374-008-0295-1
https://doi.org/10.17660/ActaHortic.2017.1164.45
https://doi.org/10.17660/ActaHortic.2017.1164.45
https://cran.rproject.org/web/packages/vegan/
https://cran.rproject.org/web/packages/vegan/
https://doi.org/10.1016/j.biocontrol.2010.10.002
https://doi.org/10.1016/j.biocontrol.2010.10.002
https://doi.org/10.1016/S1164-5563(03)00031-1
https://doi.org/10.3389/fmicb.2021.643679
https://doi.org/10.17660/ActaHortic.2021.1317.13
https://doi.org/10.17660/ActaHortic.2021.1317.13
https://doi.org/10.1094/PBIOMES-05-22-0029-R
https://doi.org/10.1093/nar/gks1219
https://doi.org/10.3389/fpls.2015.00507
https://doi.org/10.1016/j.wasman.2018.04.037
https://doi.org/10.1016/j.wasman.2018.04.037
https://doi.org/10.1093/bioinformatics/btp616
https://doi.org/10.1371/journal.pone.0159144
https://doi.org/10.3389/fmicb.2020.00254
https://doi.org/10.1111/1574-6976.12001
https://doi.org/10.1111/1574-6976.12001
https://doi.org/10.1073/pnas.1109326109
https://doi.org/10.1073/pnas.1109326109
https://doi.org/10.1016/j.jenvman.2020.111444
https://doi.org/10.1016/j.jenvman.2020.111444
https://doi.org/10.1111/j.1461-0248.2011.01666.x


Pot et al. 10.3389/fmicb.2022.983855

Frontiers in Microbiology 18 frontiersin.org

Waller, P. L., Thornton, C. R., Farley, D., and Groenhof, A. (2008). Pathogens and 
other fungi in growing media constituents. Acta Hortic. 779, 361–366. doi: 10.17660/
ActaHortic.2008.779.45

Weidner, S., Koller, R., Latz, E., Kowalchuk, G., Bonkowski, M., Scheu, S., et al. 
(2015). Bacterial diversity amplifies nutrient-based plant–soil feedbacks. Funct. Ecol. 
29, 1341–1349. doi: 10.1111/1365-2435.12445

Welch, R. (2006). “The genus Escherichia,” in The Prokaryotes. Vol. 6. eds. M. 
Dworkin, S. Falkow, E. Rosenberg, K.-H. Schleifer and E.  Stackebrandt (New York, 
USA: Springer), 60–71.

Wu, X., Ren, L., Luo, L., Zhang, J., Zhang, L., and Huang, H. (2020). Bacterial and 
fungal community dynamics and shaping factors during agricultural waste composting 
with zeolite and biochar addition. Sustainability 12:7082. doi: 10.3390/su12177082

Yilmaz, P., Parfrey, L. W., Yarza, P., Gerken, J., Pruesse, E., Quast, C., et al. (2013). 
The SILVA and “All-species Living Tree Project (LTP)” taxonomic frameworks. 
Nucleic Acids Res. 42, D643–D648. doi: 10.1093/nar/gkt1209

Zhang, J., Zeng, G., Chen, Y., Yu, M., Yu, Z., Li, H., et al. (2011). Effects of physico-
chemical parameters on the bacterial and fungal communities during agricultural waste 
composting. Bioresour. Technol. 102, 2950–2956. doi: 10.1016/j.biortech.2010.11.089

60

https://doi.org/10.3389/fmicb.2022.983855
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.17660/ActaHortic.2008.779.45
https://doi.org/10.17660/ActaHortic.2008.779.45
https://doi.org/10.1111/1365-2435.12445
https://doi.org/10.3390/su12177082
https://doi.org/10.1093/nar/gkt1209
https://doi.org/10.1016/j.biortech.2010.11.089


TYPE Original Research

PUBLISHED 07 November 2022

DOI 10.3389/fmicb.2022.1004593

OPEN ACCESS

EDITED BY

Leonardo Erijman,

Consejo Nacional de Investigaciones

Científicas y Técnicas

(CONICET), Argentina

REVIEWED BY

Weijun Shen,

Guangxi University, China

Wayan Wangiyana,

University of Mataram, Indonesia

*CORRESPONDENCE

Margarita Ros

margaros@cebas.csic.es

SPECIALTY SECTION

This article was submitted to

Terrestrial Microbiology,

a section of the journal

Frontiers in Microbiology

RECEIVED 27 July 2022

ACCEPTED 17 October 2022

PUBLISHED 07 November 2022

CITATION

Cuartero J, Pascual JA, Vivo J-M,

Özbolat O, Sánchez-Navarro V,

Weiss J, Zornoza R, Martínez-Mena M,

García E and Ros M (2022)

Melon/cowpea intercropping pattern

influenced the N and C soil cycling and

the abundance of soil rare bacterial

taxa. Front. Microbiol. 13:1004593.

doi: 10.3389/fmicb.2022.1004593

COPYRIGHT

© 2022 Cuartero, Pascual, Vivo,

Özbolat, Sánchez-Navarro, Weiss,

Zornoza, Martínez-Mena, García and

Ros. This is an open-access article

distributed under the terms of the

Creative Commons Attribution License

(CC BY). The use, distribution or

reproduction in other forums is

permitted, provided the original

author(s) and the copyright owner(s)

are credited and that the original

publication in this journal is cited, in

accordance with accepted academic

practice. No use, distribution or

reproduction is permitted which does

not comply with these terms.
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of soil rare bacterial taxa
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Onurcan Özbolat3, Virginia Sánchez-Navarro3, Julia Weiss3,

Raúl Zornoza3,4, María Martínez-Mena1, Eloisa García1 and
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of Murcia, Murcia, Spain, 3Institute of Plant Biotechnology, Plaza del Hospital s/n, Technical

University of Cartagena, Cartagena, Spain, 4Department of Agricultural Science, Polytechnic
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The high use of pesticides, herbicides, and unsustainable farming practices

resulted in losses of soil quality. Sustainable farming practices such as

intercropping could be a good alternative to traditional monocrop, especially

using legumes such as cowpea (Vigna unguiculata L. Walp). In this study,

di�erentmelon and cowpea intercropping patterns (melonmixedwith cowpea

in the same row (MC1); alternating onemelon row and one cowpea row (MC2);

alternating twomelon rows and one cowpea row (MC3)) were assayed to study

the intercropping e�ect on soil bacterial community through 16S rRNA region

in a 3-year experiment. The results indicated that intercropping showed high

content of total organic carbon, total nitrogen and ammonium, melon yield,

and bacterial diversity as well as higher levels of beneficial soil microorganisms

such a Pseudomonas, Aeromicrobium, Niastella, or Sphingomonas which can

promote plant growth and plant defense against pathogens. Furthermore,

intercropping showed a higher rare taxa diversity in two (MC1 and MC2) out

of the three intercropping systems. In addition, N-cycling genes such as nirB,

nosZ, and amoA were more abundant in MC1 and MC2 whereas the narG

predicted gene was far more abundant in the intercropping systems than

in the monocrop at the end of the 3-year experiment. This research fills a

gap in knowledge about the importance of soil bacteria in an intercropping

melon/cowpea pattern, showing the benefits to yield and soil quality with a

decrease in N fertilization.
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Introduction

Soil is a diverse, complex, and yet widely unknown

ecosystem in the world, but it is crucial for life because it

produces more than 98% of human food (Kopittke et al.,

2019). That food production is being compromised, however,

mainly due to soil degradation and environmental changes,

erosion, loss of soil organic ca rbon, loss of soil fertility, nutrient

imbalance, acidification, salinization, and loss of microbial

diversity, which are some of soil degradation processes (Dai

et al., 2018; Zhou et al., 2018; Gedamu, 2020). There are many

factors that affect soil degradation, although it is well known that

agricultural management is one of the major contributors (Lal,

2015) through the use of fertilizers, pesticides, herbicides, and

other types of practices such as tillage or monoculture (Tetteh,

2015). Therefore, one of the greatest challenges of this century

is changing these practices into more sustainable ones such

as intercropping.

Crops selected for intercropping normally have different

abilities to use the resources available for growth, which leads to

yield advantages and increased stability of crop yield compared

to a single crop in a low input system (Wang et al., 2015; Dong

et al., 2018). However, the use of intercrops has largely focused

on the cereal-legume combination (Padhi and Panigrahi, 2006;

Dwivedi et al., 2015), and there is still a significant lack of

knowledge regarding other types of intercropping, especially

with Cucurbitaceae plants Melon (Cucumis melo L.) is a fruit of

great importance around the globe Spain is one of the largest

melon exporters in the world, and most of these melons are

grown in Murcia (OEC, 2019). Intensive melon cultivation can

generate soil and water degradation due to the excessive use

of pesticides to reduce the impact of pathogens, and to the

necessary application of synthetic fertilizers, due to nutrient

depletion (Li et al., 2001). Cowpea (Vigna unguiculata L. Walp)

is a legume adapted to drought stress (Franke et al., 2018) that

is frequently used in intercropping systems with maize (Zea

mays L.), shorghum (Sorghum bicolor L. Moench) and pearl

millet (Pennisetum glaucum LRBr) (Namatsheve et al., 2021).

Legumes have a symbiotic relationship with nitrogen-fixing

bacteria through the increased abundance of the gene nifH. They

can capture nitrogen from the air, so intercropping with legumes

allows neighboring crops to absorb more nitrogen from the soil,

thus constituting a natural form of biofortification (Zuo and

Zhang, 2009; Xue et al., 2016). This helps increase the quality

of the fruits and soil (Ritchie and Roser, 2017). In addition,

previous studies have reported that the planting patterns could

also affect the soil and yield (Xianhai et al., 2012; Raza et al.,

2019), so it is necessary to study different intercropping as well

as plant distribution.

The influence of intercropping on soil microbial

communities has been studied in several agriculture systems

(Chen et al., 2018; Lian et al., 2019). In an intercropping system,

the roots of different plant species interact with each other

and subsequently affect root exudation, which undoubtedly

alters the microbial diversity, structure, and functionality

(Broeckling et al., 2008; Lian et al., 2019) and affects nutrient

transport and mineralization (Rashid et al., 2016). The changed

microbial community and activity could affect C and N

dynamics, probably due to the ability of microbial communities

to regulate C and N use efficiency (Mooshammer et al., 2014).

Soil microbial communities are highly diverse and contain both

abundant and rare taxa that are crucial for regulating multiple

soil processes (Fuhrman, 2009; Delgado-Baquerizo et al.,

2018). These rare taxa could be key in certain soil functions,

and since their numbers are low, small changes in the soil

ecosystem can affect them and even cause them to disappear

(Zhou and Wu, 2021). Dominant taxa, on the other hand,

would need more soil disturbance to vanish Studying the rare

taxa could, thus, indicate changes in soil quality. Relatively

little is known about how abundant and rare taxa respond to

intercropping drivers, or how microbial community drives

biogeochemical cycles.

A three-year intercropping experiment (melon/cowpea)

with different patterns was conducted to evaluate the impact

on the soil bacterial community (abundant and rare taxa),

functionality, and associated ecosystems, by analysis of

high-throughput sequencing and soil properties. We hoped to

find out (a) whether intercropping patterns affect microbial

diversity in the same order for overall microbial community,

abundant and rare bacterial taxa; (b) if the intercropping

patterns influenced the bacterial community composition

differently; and (c) whether the intercropped system enhanced

soil macronutrients through changes in predicted microbial

genes involved in C- and N-cycling.

Materials and methods

Experimental design and sampling

The soil used in this study was classified as Haplic Haplic

Calcisol (Loamic, hypercalcic) IUSS (IUSS Working Group

WRB, 2015) from La Palma, Cartagena, (37◦ 41′18′′N 0◦ 56′60′′

W), a province of Murcia (SE Spain), in May-August 2018

The detailed experiment is related to Cuartero et al. (2022).

Briefly, the treatments used were: (i) melon (Cucumis melo)

monocrop (M); (ii) mixed intercropping, with melon mixed

with cowpea in the same row (MC1); (iii) row intercropping

at a ratio of 1:1 (melon:cowpea), alternating one melon row

and one cowpea row (MC2); and (iv) row intercropping

at a ratio of 2:1 (melon:cowpea), alternating two melon

rows and one cowpea row (MC3) (Supplementary Figure 1).

All crops were drip irrigated and grown under organic

management. The melon plot (M) received the equivalent
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of 3,000 kg ha-1 of organic fertilizer (N org) (3.2% N

and 7% K2O). The intercropped plots (MC1, MC2, and

MC3) received 30% less Norg than the melon monocrop to

assess the efficiency of the intercropping in reducing external

fertilization needs.

Five random soil subsamples (0–10 cm depth) were collected

in the first and third year of the melon/cowpea intercropping

treatments corresponding to 10 August 2018 (referred to as

first) and 11 September 2020 (referred to as third). Samples

were labeled and immediately brought to the lab where

they were separated into two aliquots. The soil was sieved

through 2mm mesh, and the major part was stored at

−20◦C for biological analysis; a sub-sample was air-dried for

chemical analyses.

Soil DNA extraction, PCR amplification,
and sequencing

Soil DNA extraction and Next-Generation-Sequencing of

bacterial 16S hypervariable regions were performed according

to Cuartero et al. (2022). Briefly, soil DNA was extracted

from 1 g of soil (wet weight) using DNeasy Power Soil

Kit (Qiagen). Quantity and quality of DNA were tested

through Qubit 2.0 fluorometer (Invitrogen, Thermo Fisher

Scientific, USA) and NanoDrop 2000 (Thermo Fisher Scientific,

Waltham, MA, USA). Ion TorrentTM Personal Genome

MachineTM (PGM) was employed to amplify 16S hypervariable

region using Ion XpressTM Plus Fragment Library Kit in

combination with Ion XpressTM Barcode adapter (Thermo

Fisher Scientific), the detailed process is described in Cuartero

et al. (2022).

Sequencing data processing

Bacterial raw sequences, barcodes, and primers were

trimmed according to the BaseCaller application. The sequences

were denoised with ACACIA (Bragg et al., 2012), and imported

to QIIME2 v20202 (Bolyen et al., 2019). Then, sequences

were denoised using the DADA2 algorithm with sequences

truncated with a Q >30 (Callahan et al., 2016) on average.

Amplicon Sequence Variants (ASV) obtained from DADA2

were classified using the “classify-consensus-vsearch” command

against the SILVA 132 (Quast et al., 2012) database. Functional

analysis of the bacterial community was carried out using

the PICRUSt2 (Phylogenetic investigation of communities by

reconstruction of unobserved states) algorithm (Douglas et al.,

2020). Some of the predicted functional genes were then selected

to study the effects of intercropping on N- and C-cycling in

the soil.

The sequences were uploaded to the European Nucleotide

Archive (ENA) with the study accession code PRJEB42624.

Soil properties

The soil pH, Electrical Conductivity (EC), Total Organic

Carbon (TOC), Total Nitrogen (TN), and Ammonia (NH+

4 )

were measured according to Cuartero et al. (2022), briefly, EC

was measured in deionized water (1:5 w/v), TOC and TN were

determined using CHNS-O analyzer (EA-1108, Carlo Erba).

NH+
4 was extracted with 2M KCL in a 1:10 soil: extractant ratio

and measured by colorimetric assay.

Statistical analysis

Random forest (RF) analysis was used to test the most

important microbial taxa across the intercropping systems at

the two sampling times by the randomForest package v 4.7-1

(Liaw and Wiener, 2002). Establishing an RF classifier, which

contains a multitude of decision trees based on the threshold

abundance of the critical genus (Yu et al., 2021). To enhance

the RF classification performance, the optimal three RF hyper-

parameters were searched through the “train” function from

the caret package v 6.0-91 (Kuhn et al., 2020). The number

of variables selected as a splitting parameter at each node

(mtry), the number of decision trees (ntree), and the maximal

number of nodes (maxnodes) in the forest An 18-fold cross-

validation was employed to assess the performance of the

classification using the “rfcv” function, as suggested by Zhang

et al. (2019). All samples (n = 20) were used as the training

set and RF classification (proximity= TRUE, importance =

TRUE). Finally, the “varImpPlot” and “MDSplot” functions

were used to show the importance of taxa and performance

in classification, respectively Prior to the test, the differences

among cropping systems, normality, and homogeneity of

variance assumptions were assayed by Shapiro-Wilk and

Levene’s tests using the package car (Fox et al., 2007). Mean

comparisons were performed with a one-way analysis of

variance (ANOVA), followed by the post-hoc test of Tukey’s

honestly significant difference (HSD) when the null hypothesis

was rejected Non-parametric Kruskal–Wallis test was applied

when data did not fit a normal distribution and, if the

assayed data were significant, a multiple comparison Z-

values test was performed using the “dunnTest” function with

Benjamini-Hochberg corrections in the FSA package (Ogle and

Ogle, 2017). To test the treatment effects in paired-measures

data, the non-parametric rank-based model “nparLD” was

performed through the nparLD package v 21 (Noguchi et al.,

2012) using f1ldf1 design.
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To study the effects of intercropping systems on bacterial

community, the ASV data table was split into rare or more

abundant taxa being (> 01%) abundant taxa, (< 01%) rare taxa,

and total taxa. A Principal Coordinates Analysis (PCoA) was

used to visualize the variation of the community composition

based on the Bray-Curtis distance. To test the differences

between the cropping systems, a Permutational Multivariate

Analysis of Variance (PERMANOVA) was conducted using the

“betadisper” and “adonis” functions with 999 permutations from

the vegan package v 2.5-7 (Oksanen et al., 2020). Alpha diversity

as the Shannon index was calculated using the vegan package

A Venn diagram was made to study the total ASVs shared

among cropping systems Canonical Correspondence Analysis

(CCA) using the “cca”, and “envfit” functions from the vegan

package was performed to study the correlation of microbial

top ten abundance genera with soil properties. A Non-metric

Multidimensional Scaling was performed using the “metaMDS”

function from the vegan package with the Bray-Curtis distance

to visualize the predicted functional genus. All tests were

performed using R language (R Core Team, 2020) and plots were

made using mainly the ggplot2 package v 3.3.5 (Gómez-Rubio,

2017).

Results

E�ect of intercropping on
physicochemical soil properties and
melon yield

The pH and EC were not affected by the interaction

between treatment and sampling time (Table 1). The pH

diminished significantly in the third year, and it was lower

in the intercropped systems (MC1, MC2, and MC3) than in

monoculture (M). EC increased significantly in the third year

of the experiment, and the highest EC was recorded in MC1.

The interaction between the cropping system and sampling time

did not affect TOC and TN (Table 1). TOC and TN increased in

intercropping systems compared to monoculture and the values

were higher in the third year. NH+

4 was significantly higher

in the intercropped systems than in the monocrop (M) and

its levels dropped significantly in the third year (Table 1). The

melon yield average was greater in the intercropping systems

(MC1, MC2, and MC3) than in the monocrop (M) and was

significantly lower value in the third year than in the first year.

A canonical correspondence analysis at both sampling

times (Supplementary Figure 2) revealed the influence of soil

properties on the microbial community at the genus level.

Constrained CCA explained 85 and 60% of the inertia for the

first and third years of the experiment, respectively. The top ten

genera were highly affected by NH+

4 , EC, pH, TN, and TOC

(p-value: 0.002, 0.044, 0.003, 0.001, and 0.001, respectively), in

the first year of the experiment, but by the third year of the

experiment, they were only significantly affected by pH, TOC,

EC and TN (p-value: 0.029, 0.011, 0.061, and 0.002, respectively).

E�ect of intercropping on whole,
abundant, and rare bacterial diversity

At both sampling times, the different intercropping had a

total of 2,140,702 reads ranging from ≈ 28,000 to 66,000 reads

per sample which had a total of 9,558 different ASV ranging

from 217 to 1,025 ASV per sample. Data were rarefied to

27,978 reads and the rarefaction curve constructed by randomly

selected sequences from samples indicating that the number

of sequences was representative of the bacterial community

(Supplementary Figure 3).

The ASV obtained were classified into 31 phyla, 394 families,

and 638 genera. A Venn diagram showed that all the cropping

systems shared 670 (13%) and the intercropped systems 119

(4%). ASV respectively in the first year of the cropping system

(Figures 1A,B). However, this number decreased to 141 ASV

(4%) for all crop systems and 119 (4%) between intercropped

systems in the third year of the cropping system (Figures 1A,B).

In general, the effect of intercropping systems showed large

differences with monocrop, where MC1 and MC2 shared with

monocrop (M) only 1 and 2% of ASVs respectively in both

samplings, and MC3 shared with monocrop around 2 and 1%

of ASVs in both samplings (Figures 1A,B).

Large differences were found in the ASVs counts from

different cropping systems. The ASV data table was split into (>

0.1%) abundant taxa, (< 0.1%) rare taxa, and total taxa. In the

first year, intercropping systems (MC1, MC2, and MC3) showed

a higher composition of rare taxa (ranging from 5,107 to 6,020%)

than the most abundant taxa (ranging from 3,980 to 4,983%).

Compared to the monocrop, the intercropping MC3 showed the

highest number of total ASVs, and rare taxa (897/540) followed

byMC1 (851/490) andMC2 (748/382) respectively, compared to

monocrop (M) (Supplementary Table S1). However, in the third

year of the experiment intercropping system showed a higher

proportion of most abundant taxa (76.61–62.17%) compared to

rare taxa (23.39–35.44%), MC2 showed the highest values of

total ASVs, and rare taxa (415/157) followed by MC1 (364/129)

(Supplementary Table S1).

The Shannon index for the total, most abundant,

and rare taxa diminished in the third year (Figure 2;

Supplementary Table 2). In the first year of the cropping

system, MC1 and MC3 showed the highest total and rare taxa

diversity compared to monocrop (M) (Figure 2). In the third

year, however, MC1 and MC2 showed higher values than the

monocrop (M) while MC3 showed the lowest Shannon index

(Figure 2, Supplementary Table 2).

The β-microbial diversity represented by PCA analysis of

the whole, most abundant, and rare taxa at both sampling
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TABLE 1 Di�erent soil properties and harvest in di�erent sampling times and cropping systems.

First Third

M MC1 MC2 MC3 M MC1 MC2 MC3 P-value

pH 8.48± 0.02 8.40± 0.02 8.43± 0.03 8.42± 0.02 7.98± 0.07 7.73± 0.12 7.83± 0.15 7.96± 0.06 G

T

GxT

***

***

ns

EC (dS m−1) 0.290± 0.001 0.336± 0.023 0.297± 0.013 0.303± 0.028 0.496± 0.015 0.555± 0.069 0.537± 0.040 0.505± 0.026 G

T

GxT

***

***

ns

TOC (g kg−1) 9.5± 0.1 11.2± 0.4 11.1± 0.2 11.9± 0.2 9.86± 0.9 12.3± 0.4 11.0± 0.6 12.1± 1.2 G

T

GxT

***

*

ns

TN (g kg−1) 1.10± 0.00 1.30± 0.00 1.30± 0.00 1.30± 0.00 1.08± 0.04 1.36± 0.06 1.34± 0.11 1.34± 0.06 G

T

GxT

***

*

ns

NH+

4 (mg kg−1) 0.83± 0.13 b 1.83± 0.07 a 3.47± 0.49 a 4.63± 0.56 a 0.76± 0.15 b 0.94± 0.30 a 0.91± 0.19 a 1.06± 0.39 a G

T

GxT

***

***

***

Yield (kg ha−1) 15,092± 230 26,271± 3,339 20,287± 3,038 24,759± 2,049 8,561± 428 9,637± 2,599 10,600± 2,330 10,843± 2,451 G

T

GxT

ns

***

ns

(mean±sd; n = 5) G, Group (which corresponds to cropping system); T, Time; GxT, interaction of Group x Time;M, Melon monocrop; MC1, Mixed intercropping; MC2, Intercropping

row 1:1 melon:cowpea; MC2, Intercropping row 2:1 melon:cowpea; EC, Electrical conductivity; TOC, Total organic carbon; TN, Total nitrogen; NH+

4 total ammonium; Yield; Melon Yield

Letters represent the significant differences between the cropping system and sampling time. P value: *** < 0.001; ** < 0.01; * < 0.05.

FIGURE 1

Venn diagram based on ASVs at the first (A) and third (B) year of the experiment. M, melon monocrop; MC1, mixed intercropping; MC2,

intercropping row 1:1 melon:cowpea; MC3, intercropping row 2:1 melon:cowpea. The numbers (percentages) of the abundant bacteria in

di�erent systems are indicated in the overlapping and non-overlapping areas.

times showed significant changes (PERMANOVA; P < 0.05) in

the intercropped treatments compared to the monocrop (M)

(Figure 3). In the first year of the experiment, no significant

differences were observed between intercropped systems in

any of diversity indices, while in the third year, only the rare

taxa showed significant differences between the intercropped

systems, withMC3 showing different values fromMC1 andMC2

(Figure 3).
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FIGURE 2

Boxplot of Shannon diversity index of the whole, more abundant, and rare bacterial taxa at the first (A) and third (B) years under the cropping

systems. The “•” and line inside the box plot respectively represent the mean and median, (n = 5). “+” outside the box plot are outliers.

Significant di�erences between cropping systems (Kruskal–Wallis test followed by post-hoc) are indicated by “*”, < 0.05: “**”, < 0.01; “***”, <

0.001. The “> 0.1%” represents the abundant taxa; “< 0.1%” represents the rare taxa; whole, total. M, melon monocrop; MC1, mixed

intercropping; MC2, intercropping row 1:1 melon:cowpea; MC3, intercropping row 2:1 melon:cowpea.

E�ect of intercropping on responsive
bacterial genera

The top 10 most abundant genera cover ≈70% of the

evaluated taxa, being identified as Pseudomonas (11.60%),

Bacillus (9.45%), Sphingomonas (8.26%), Skermanella (7.46%),

MND1 (7.28%), Streptomyces (6.97%) Nocardioides (6.52%),

SWB02 (4.51%) Blastococcus (4.12%) and Ammoniphilus

(2.66%); all were affected by the type of cropping systems

and sampling times (Figure 4, Supplementary Table 3).

The relative abundance of Pseudomonas, Sphingomonas,

Nocardioides, SWB02, and Streptomyces was significantly

higher in the three intercropped systems, whereas, the

relative abundance of Bacillus, Skermanella, Ammoniphilus,

and Blastococcus, was significantly lower compared to

monocrop (M) (Figure 4A). Differences were also observed

by sampling time, in which Pseudomonas, Skermanella,

MND1, SWB02, and Blastoccus showed higher relative

abundance in the third year of the experiment; whereas

the relative abundance of Bacillus, Sphingomonas,

Nocardioides, Amoniphilus, and Streptomyces decreased

(Figure 4B).

To identify the representative microbes in the cropping

systems, random forest analyses with all genera were
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FIGURE 3

Principal Coordinate Analysis of soil bacteria community (β-Diversity) using Bray-Curtis distance for whole, most abundant, and rare taxa at the

first (A) and the third (B) year under the cropping systems. > 0.1% represents the abundant taxa; < 0.1 represent the rare taxa; whole, total, M,

melon monocrop; MC1, mixed intercropping; MC2, intercropping row 1:1 melon:cowpea; MC3, intercropping row 2:1 melon:cowpea.

conducted at both sampling times to find the most

important genera (Supplementary Figures 4A,B). The

MDS showed how all cropping systems at both sampling

times can be clearly differentiated by the selected genera

(Supplementary Figures 4C,D). Of the 15 most important

genera in the first year of the experiment, Microvirga,

Nonomuraea, Micromonospora, Kribella, Roseomonas,

and Rubrobacter were highly enriched in monocrop (M);

Mesorhizobium, Gemmata, SWB02, Iamia, and Pontibacter

were highly enriched in MC1 and Nocardioides, Agromyces,

Aeromicrobium, and Hypomicrobium were highly enriched

in MC3 (Supplementary Figure 4A). In the third year of

the experiment, however, different genera were observed

for cropping system, in which Ammoniphilus, Lysobacter,

and Bradyrhizobium were highly enriched in the monocrop

(M), Thauera, Nannocystis, Aeromicrobium, Nonomuraea,

and Sphingomonas were highly enriched in MC1; SM1A02,

Niastella, Ensifer, and Bryobacter in MC2, and Vogesella,

Streptomyces, and Policyclovorans were highly enriched in MC3

(Supplementary Figure 5B).
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FIGURE 4

Top ten more abundant genera in (A) di�erent cropping systems and (B) di�erent sampling times. M, melon monocrop; MC1, mixed

intercropping; MC2, intercropping row 1:1 melon:cowpea; MC3, intercropping row 2:1 melon:cowpea; Initial, the first year; final, the last year.

E�ect of intercropping systems on
predictive functional profiling of soil
microbial communities

To understand the phylogenetic or taxonomic composition

of bacterial communities, it is necessary to study the predictive

community functions of 16S rRNA sequencing data. Most

pathways did not show the interaction between cropping

systems and sampling time except for Citrate Cycle (TCA)

(Supplementary Table S4). Bacterial secretion, nitrogen

metabolism, energy metabolism, and transporters increased

significantly in the third year, whereas the TCA cycle and

protein export decreased. In general, all the intercropped

systems showed higher values of the different studied pathways

compared to monoculture (M) showing the highest values in

MC1 and MC2 (Supplementary Table S4).

Functional predicted N-cycling genes

In general, the predicted N-Cycling genes were highly

affected by the cropping system, sampling time, and their

interaction (Supplementary Table S5). In the third year,

potential nitrogen fixation—identified by nifT and nifX genes—

was highest in MC1 and was significantly lower in MC2 and

MC3 than in the monocrop (M) (Supplementary Table S5).

Dissimilatory nitrogen reduction genes (narG and nirB)

involved in the denitrification process were significantly more

abundant in the third year and showed higher values in the

intercropping systems, among which MC1 and MC2 showed

the highest values (Supplementary Table S5). The abundance

of amoA and amoC genes involved in the nitrification process

was higher in the first year than in the third. At the end of the

experiment, MC2 showed the highest values. The predicted gene

nosZ showed higher values in the third year than in the first year

For this gene, the intercropping systems had significantly higher

values than the monocrop (M) and MC1 and MC2 showed the

highest values (Supplementary Table S5).

The NMDS plot of predicted N-Cycling genes showed no

observable differences among cropping systems in the first

year (Figure 5A). This trend changed in the third year of the

experiment, however, when the cropping systems were clearly

differentiated (NMDS Stress= 0.039).

Functional predicted C-cycling genes

To evaluate the carbon availability to soil bacteria under

different cropping systems, the predicted genes glcD (Glycolate

oxidase subunit), xylA, alpha-amylase, glucokinase, and pyruvate

kinase were studied. The results showed that all genes were

highly affected by the cropping system, sampling time, and
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FIGURE 5

A Non-metric Multi-dimensional Scaling (NMDS) of predicted nitrogen cycle genes (A) and predicted carbon cycle genes (B) M, melon

monocrop; MC1, mixed intercropping; MC2, intercropping row 1:1 melon:cowpea; MC3, intercropping row 2:1 melon:cowpea; T1, First year;

T3, Third year.

their interaction (Supplementary Table S6). All predictive genes

increased in the third year of the experiment compared

to the first year (Supplementary Table S6). In the first year,

the highest values were found in MC3 followed by MC1

and MC2 compared to Monocrop, while, in the third year

the highest values were found in MC1 and MC2 compared

to monocrop (M) (Supplementary Table 6). NMDS from

C-Cycling predicted genes (Figure 5B) showed that predicted

carbon genes clustered together (NMDS Stress = 0.08) in all

treatments at different times.

Discussion

Intercropping is an environmentally friendly method that

plays an important role in improving soil quality and in

controlling pests and disease occurrence (Dai et al., 2019).

The degree of improvement depends on the crop species,

the intercropping combinations, and their spatial distribution

(Raseduzzaman and Jensen, 2017; Ren et al., 2017; Zhang

et al., 2018b; Salgado et al., 2021). Studies are scarce, however,

concerning melon/cowpea intercropping and patterns Our

results revealed that the bacterial communities were altered by

the intercropping system and pattern, a fact that is attributed

to the root interactions between the different plant species,

which subsequently affects root exudation (Broeckling et al.,

2008; Lian et al., 2019). This undoubtedly alters the microbial

diversity, structure, and functionality (Li and Wu, 2018; Zeng

et al., 2019). Bacteria have been linked to C acquisition strategies

and their interactions can contribute to soil stabilization through

the biopolymers they exuded (Chenu, 1989; Deng et al., 2015)

which act as binding agents in which bacteria are causal

factors in enhancing soil aggregation (Lehmann et al., 2017). It

highlighted the changes in those members contributing to the

“rare biosphere” (Pascoal et al., 2021) increasing the sensitivity

of detecting effects on microbiomes as having been observed

by other studies (Jiao and Lu, 2020a; Ji et al., 2020), where

they suggested that abundant taxa play a dominant role in the

stability and maintenance of agro-soils whereas rare taxa have

a high influence under environmental disturbances (Jiao and

Lu, 2020b). In our study, the increase in bacterial diversity

(Supplementary Table S1, Figure 2) was due principally to the

increase of rare bacterial diversity (oligotrophic and synergistic

bacteria) instead of the most abundant (copiotrophics and

competitive) bacteria, as was observed by Liu et al. (2022).

It is possible that rare bacteria had to perform synergistic

activities for extracting energy and carbon from more complex

organic substrates during the 3-year experiment. This would

enable rare bacteria community members to carry out more

elaborated interactions than the abundant bacteria, which get

their nutrients and energy from roots, whose exudates would

promote competition between fast-growing copiotrophs (Fierer

et al., 2012; Liu et al., 2022). Rare taxa could have a more

important role in functionality, which can help to crop growth

(Chen et al., 2020; Liang et al., 2020; Xiong et al., 2021). The

Bacterial diversity of this study could be affected after 3 years of

intercropping by the decrease in pH since the acidification can

change the stability of bacterial cell membranes and thus inhibits
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bacterial growth (Feng et al., 2014; Zarafshar et al., 2020). Beta

diversity—which represents the extent of change in community

composition, or the degree of community differentiation—

showed differences between monocrop (M) and intercropped

systems (Figure 3) in whole bacteria and the most abundant taxa

However, in the third year, if we focus only on the rare taxa, beta

diversity showed differences according to the pattern—MC1 and

MC2 grouped separately from MC3 and M. This could indicate

that higher plant biomass in MC1 and MC2 induce higher soil

organic matter fraction levels, intercropped systems can induce

higher soil organic matter fraction contents which could act as

major sources of energy for microorganisms (Tian et al., 2013).

The Intercropping systems showed an increase in beneficial

microorganisms (Pseudomonas, Sphigomonas, Streptomyces,

Nocardioides, and SWB02) (Supplementary Table S3, Figure 4),

as other authors have observed in different intercropping

systems (Yu et al., 2019; Zhao et al., 2022) Sphingomonas

promote nitrogen fixation and dehydrogenation (Leys et al.,

2004) and has also been found to increase plant growth

hormone production (Asaf et al., 2020). Some species of

Pseudomonas can enhance nutrient uptake and thus plant

growth (Franke-Whittle et al., 2015; Lami et al., 2020)

SWB02, on the other hand, has been linked to the capacity

to oxidize nitrite to nitrate (Fumasoli et al., 2015; Gao

et al., 2021), while Niastella (Supplementary Figure 4B) can

mitigate N20 emissions (Nishizawa et al., 2014) Aeromicrobium

(Supplementary Figures 4A,B) has been linked to plant biomass

(Nuzzo et al., 2020) and has a greater capability to produce

secondary compounds with antimicrobial capacities (Miller

et al., 1991). These bacteria were highly correlated with TN,

TOC, and pH at both sampling times (Supplementary Figure 2).

Cong et al. (2015) observed that the increases in aboveground

productivity by enhancing soil C and N should occur due to

the microbial species complementarity, as our results showed

(Supplementary Figure 2).

Nitrogen is an essential element for plant growth and

development, and it is the element most closely related to yield

(Zhao et al., 2022). Our results showed significantly higher

TN and NH+

4 (Table 1) in intercropped than in the monocrop

(M), even considering that 30% less fertilization was used in

the intercropped systems than in the monocrop. An increase

in melon yield was observed in intercropping systems at both

sampling times. In previous studies, Cuartero et al. (2022)

observed higher yield in intercropped systems probably due to

lowN fertilizer addition (Yu et al., 2018). This fact has previously

been observed in other cowpea intercrop relationships, such

as cowpea-maize (Latati et al., 2014), cowpea-sorghum (Oseni,

2010), and cowpea-cassava (Sikirou and Wydra, 2008). Also,

this finding may be due to the complex biological diversity

under intercropping systems that resulted in the transfer of

N to soil via ions and root exudates and further facilitated

the accumulation and decomposition of soil N fractions. In

legume-mixed intercropping, legumes increase N2 fixation, thus

providing higher N levels for the adjacent crop, thus yielding

a growth advantage for the intercropped plant (Subedi and

Ma, 2005; Yu et al., 2018). In addition, the higher plant litter

and root exudates by intercropping compared to monoculture

may have been responsible for the increase in TOC content

(Table 1). Castellano et al. (2015) suggested that plant litter is

the primary source of all SOM. No differences were observed

between intercropped systems probably due to the use of only

one intercrop species because according to Zhang et al. (2021)

different intercropped resulted in differences in the N cycle

predicted genes, and these differences might be caused by

variations in the quantity and quality of plant litter and root

exudates among intercrops.

Biological factors, such as microorganisms, could indicate

the environmental balance through biotic indexes derived from

the observation of taxa. Therefore, in this study, random forest

analysis (Supplementary Figure 4) identified specific genera as

possible indicators of different intercropping systems, where

only 13% of the genera belonged to the most abundant

genera in intercropping systems, and the sampling time showed

a stronger influence of these biomarkers than the different

intercropping patterns.

When a bacterial community structure is altered due to

a disturbance (Figure 3), as in this study (intercropping),

functional redundancy (an overlap in the ecological functions

of various species) is very important for maintaining the

functionality of the community (Wohl et al., 2004; Comte

and del Giorgio, 2010; Baho et al., 2012) and this fact does

not produce a relationship between disturbance and microbial

structure. However, our results (Supplementary Table S4)

indicated an increase of prediction functional genes principally

in MC1 and MC2, such as bacterial secretion system, protein

export, transporter, and energy metabolism that could indicate

a higher activity of soil bacteria and a higher secretion of

protein and agents promoting soil aggregation (Oliveira et al.,

2019). Also, an increase in carbon fixation and the TCA cycle

and N metabolism could indicate an acceleration of nutrient

conversion (Shi et al., 2017). The TCA cycle, also known as the

Krebs cycle and citric cycle, is the main source of energy for cells

and essential for aerobic respiration to deal with oxidative stress

and produce energy for secreting defense compounds (Zhang

et al., 2018a).

Six prediction genes (Supplementary Table S5) involved

in different steps of the Nitrogen cycle showed, by NMDS

(Figure 5A), differences between cropping systems in the third

year of the experiment which could indicate that although

bacterial abundance and diversity diminished this cycle is not

N-limited and each intercropped system have system-specific

bottlenecks in the N cycle N2 fixation gene expression is strongly

dependent on the level of mineral N in soil (Li et al., 2016).

Intercropping system with cowpea in the third year showed,

in general, higher nitrogen fixation genes principally in MC1

with less inorganic fertilization than melon monocrop (M).
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Root-derived compounds may induce nodulation via hormone

signaling and stimulate N2 fixation by increasing the activities

of proteins involved in N2 fixation at the gene expression

and physiological levels (Li et al., 2016). However, more than

half of the increased N2 fixation under intercropping could

be also attributed to soil micro-organisms including members

of the phyla Actinobacteria (Arthrobacter and Agromyces),

Bacteroidetes, Firmicutes (Bacillus and Psychrobacillus) and

Proteobacteria (Rilling et al., 2018) some of them observed

in our intercropping systems. Ammonia, which is considered

a regulatory signal of symbiosis in the nodules (Patriarca

et al., 2002), could be one of the different ways to carry the

nitrogen captured in nodules to the rhizosphere of melon since

ammonia can diffuse in soil due to its positive charge then it

could be oxidized again by nitrifying bacteria like SM1A02 or

Sphingomonas (Xie and Yokota, 2006) or uptake by plants.

Genes involved in the denitrification process were higher

than nitrification in all cropping systems. Denitrification is

the process of dissimilatory reduction of nitrate and nitrite,

producing gaseous end products of nitric oxide (NO), N2O,

and dinitrogen (N2). The process of denitrification relies on

a series of enzymes that were produced when narG and nirB

genes are expressed. They were highly increased in intercropping

systems principally MC1 and MC2 indicating higher emission

of N2O from soil (Shaw et al., 2006), probably due to excess

inorganic fertilization being incorporated However, the increase

of gen nosZ could indicate the greater conversion of N2O–N2

and decreased greenhouse gas production (Krause et al., 2017).

Nitrification is a biochemical process important for soil fertility

in which nitrifying bacteria transform the ammonium into

nitrates (NO3) to be used by plants (Kant, 2018), where gen as

amoA and amoC are involved and MC1 and MC2 showed the

highest values.

In addition, a higher content of alpha-amylase, xylose, and

glycolate oxidase (Supplementary Table S5) abundance potential

genes (belonging to carbon and glycolate cycle) related mainly

with Bacillus, Caulobacter, Streptomyces, and other decomposers

genera (Wijbenga et al., 1991; Stephens et al., 2007; Gubbens

et al., 2017; Luang-In et al., 2019; Ibrahim et al., 2021)

could help to increase the availability of nutrients for plants

Fernández-Bayo et al. (2019) showed that organic exudates from

the rhizosphere can increase these C degrading pathways.

According to these results, intercropping systems MC1 and

MC2 have a greater diversity of energy and carbon sources so

cowpea could lead to a more complex and capable microbial

community than traditional monoculture, as it was pointed

out by Li et al. (2022). Carbon fixation was also enhanced

(Supplementary Table S4) in soils with higher cowpea plants

density which is commonly incorporated into soils through

microorganisms (Berg et al., 2010) and is one of the most

important steps in the carbon cycle, a crucial step for CO2

assimilation and sequestration and it has been previously related

with soils with high bacteria diversity (Lynn et al., 2017).

Conclusion

The study of beta diversity using the rare taxa instead

of the whole taxa was able to show differences between

intercropped patterns (MC1 and MC2 compared to MC3).

Intercropping systems showed higher value content of total

organic carbon (TOC), total nitrogen (TN), melon yield, and

bacterial diversity as well as a higher content of beneficial

soil microorganisms such as Pseudomonas, Aeromicrobium,

Niastella or Sphingomonas which can promote plant growth and

its protection against different pathogens. Predictive N and C

cycling genes showed higher abundance in the intercropped

system than in monocrop, and also showed differences between

intercropped systems, where MC1 and MC2 showed higher

abundance than MC3.
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Rigid bioplastics shape the
microbial communities involved
in the treatment of the organic
fraction of municipal solid waste
Francesca Bandini1, Filippo Vaccari1, Mariangela Soldano2,
Sergio Piccinini2, Chiara Misci1, Gabriele Bellotti1,
Eren Taskin1, Pier Sandro Cocconcelli1 and Edoardo Puglisi1*
1Department for Sustainable Food Process, Università Cattolica del Sacro Cuore, Piacenza, PC, Italy,
2Centro Ricerche Produzioni Animali S.p.A. (CRPA), Reggio Emilia, RE, Italy

While bioplastics are gaining wide interest in replacing conventional plastics,

it is necessary to understand whether the treatment of the organic fraction

of municipal solid waste (OFMSW) as an end-of-life option is compatible

with their biodegradation and their possible role in shaping the microbial

communities involved in the processes. In the present work, we assessed

the microbiological impact of rigid polylactic acid (PLA) and starch-based

bioplastics (SBB) spoons on the thermophilic anaerobic digestion and the

aerobic composting of OFMSW under real plant conditions. In order to

thoroughly evaluate the effect of PLA and SBB on the bacterial, archaeal, and

fungal communities during the process, high-throughput sequencing (HTS)

technology was carried out. The results suggest that bioplastics shape the

communities’ structure, especially in the aerobic phase. Distinctive bacterial

and fungal sequences were found for SBB compared to the positive control,

which showed a more limited diversity. Mucor racemosus was especially

abundant in composts from bioplastics’ treatment, whereas Penicillium

roqueforti was found only in compost from PLA and Thermomyces

lanuginosus in that from SBB. This work shed a light on the microbial

communities involved in the OFMSW treatment with and without the presence

of bioplastics, using a new approach to evaluate this end-of-life option.

KEYWORDS

biofilm, microbial ecology, anaerobic digestion, composting, metagenomics

Introduction

Conventional petroleum-based plastics cover a wide range of applications (Koch
and Mihalyi, 2018), and the annual European production in 2019 exceeded 57.9 million
tonnes (Plastics Europe, 2020), leading to serious environmental pollution concerns due
to the high amount of disposable items, reaching 29.1 million tonnes of post-consumer
waste (Geyer et al., 2017; Rhodes, 2019). Consequently, micro- and nano-plastics, which
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are plastic particles derived from macro-plastics’ degradation
with a diameter <5 mm and <100 nm, respectively (Karbalaei
et al., 2018; Ng et al., 2018; Wang et al., 2019), are
accumulating rapidly and have been already identified in
different environments and places, such as Arctic ice, air, food
and drinking water, soils, glaciers, and oceans, and also in
human and animal bodies (Toussaint et al., 2019; Kanhai et al.,
2020; Paul et al., 2020). While the possible impacts of micro-
and nano-plastics on human health are still being investigated
(Jiang et al., 2020), the increasing levels of plastic residues in
the environment pose a new set of potential threats. To deal
with these problems, bioplastics, including materials based on
renewable sources, have arisen as possible beneficial alternatives
(Abe et al., 2021) to reduce carbon footprint and dependency on
fossil fuel, and to limit greenhouse gas emissions (Shamsuddin
et al., 2017). Moreover, these polymers can be more easily
biodegraded by a combination of abiotic processes, such as UV,
temperature, moisture, and pH, as well as biotic parameters,
mainly microbial activities (Mohee et al., 2008; Karamanlioglu
et al., 2017; Harrison et al., 2018). According to European
Bioplastics (2020), the current global bioplastics production
slightly exceeds 0.6% of global plastic production, but the market
is expected to grow in the upcoming years. Biodegradable
plastics labeled as “compostable” must follow rigorous criteria
as described in the European Standard EN 13432 (EN13432,
2002), in which, for instance, the breakdown under industrial
composting conditions must occur in less than 12 weeks.

Among the different end-of-life options (i.e., recycling,
landfill, etc.), the biological waste treatment, such as anaerobic
digestion and the following aerobic composting of the
organic fraction of municipal solid waste (OFMSW), is an
environmentally safe and economically feasible treatment for
bioplastics waste management (Butbunchu and Pathom-Aree,
2019). The industrial plants provide appropriate conditions
for the efficient conversion of organic carbon into nutrient-
rich compost that can be used as soil amender (i.e., compost).
Moreover, energy recovery through anaerobic digestion is
among the benefit of these worldwide developed processes
(Song et al., 2009). However, the end-of-life options depend
on the available waste management system in each country
(Gómez and Michel Jr, 2013). In detail, anaerobic digestion
leads to the production of biogas (mainly CH4 and CO2), water,
hydrogen, sulfide, ammonia, and digestate through microbial
metabolism and in absence of oxygen (Shrestha et al., 2020). The
four microbiological reactions occurring, namely, hydrolysis,
acidogenesis, acetogenesis, and methanogenesis, have been
already extensively studied (Fernández-Rodríguez et al., 2013;
Micolucci et al., 2016, 2018). On the one hand, the correct
deterioration of organic matter, as well as bioplastics, may be
influenced by process parameters, such as time and temperature.
On the other hand, the aerobic composting process of the
digestate consists of solid waste valorization (Kale et al., 2007;
Spaccini et al., 2016) to obtain a homogeneous organic-rich

and stable compost. This product, used as a soil amendment,
has high microbial diversity (Song et al., 2009; Karamanlioglu
and Robson, 2013; Sisto et al., 2018) and in composting plants
the appropriate conditions for microorganisms growth are
provided (Gu et al., 1993; Mohee et al., 2008; Sarasa et al.,
2009; Gómez and Michel Jr, 2013; Javierre et al., 2015). The
degradability of bioplastics is affected by different factors, such
as their chemical and physical structures (Massardier-nageotte
et al., 2006; Endres, 2017) and the high variety of biopolymer
blends. The microbial diversity to which the bioplastics are
exposed is among the most influential factors in degradation
together with the operating conditions (Folino et al., 2020). For
instance, according to the literature, the rates of degradation
differ under aerobic and anaerobic conditions (Thakur et al.,
2018), highlighting the relevance of microbial activity. Since the
existing plants processing the OFMSW were not designed to
also treat bioplastics, they may not be totally effective in the
management and deterioration of these materials (Calabrò and
Grosso, 2019). Furthermore, bioplastics may also play a key
role in shaping the microbial communities involved during the
processes (Bandini et al., 2020).

We reproduced at pilot-scale the anaerobic digestion and the
following aerobic composting of the OFMSW treatment under
real industrial conditions for time and temperature (25 days
HRT at 52 ± 0.5◦C and 22 days at 65 ± 0.2◦C, respectively)
(Bandini et al., 2022). Polylactic acid (PLA) and starch-based
bioplastic (SBB) in the final form of rigid spoons, which are
supposed to follow the same fate as the OFMSW, were tested at
5% (w/w) concentration on organic waste, separately, according
to the latest report provided by Consorzio Italiano Compostatori
(CIC-COREPLA, 2020). To monitor the bacterial, archaeal, and
fungal communities during the whole process, high-throughput
sequencing (HTS) technology of phylogenetic markers was
carried out on the digestate used as inoculum, on the OFMSW
slurry, on intermediate samples during the anaerobic digestion
and on the final composts from each treatment. This study aims
(i) to determine the possible influence of biopolymers on the
microbial structure during the OFMSW treatment; (ii) to assess
in detail the microbial evolution during anaerobic digestion,
comparing the positive control (OFMSW only) with the two
bioplastics; and (iii) to evaluate the microbiological quality of
the final composts obtained from both the tested materials
separately.

Materials and methods

Pilot-scale experiment setup and
tested materials

The tested materials were compostable and commercially
available PLA and SBB spoons with the same weight and
thickness, which were broken into 2–5 mm pieces. The OFMSW
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slurry was sampled from a full-scale anaerobic and thermophilic
plant. This slurry, which was previously subjected to separation
from bioplastics and squeezing of the fraction, was further sifted
with a 5-mm sieve to remove coarse fractions and plastics and
to improve its homogeneity. The inoculum was collected from
an OFMSW thermophilic plant and used immediately. All the
substrates, including bioplastics, were chemically characterized
as reported in a previous study (Bandini et al., 2022).

The anaerobic digestion was performed in three 24 L
continuous stirred tank reactors under thermophilic conditions
(52 ± 0.5◦C). Each digester was filled with (i) OFMSW
(positive control or blank) slurry and inoculum, (ii) OFMSW
slurry, inoculum, and ground PLA spoons (2–5 mm), and (iii)
OFMSW slurry, inoculum, and ground SBB spoons (2–5 mm).
To reproduce the current Italian situation, the percentage of
bioplastics to OFMSW was set at 5% w/w, and the reactors
were daily fed. The hydraulic retention time (HRT) was 25 days,
and the organic loading rate (OLR) was set based on chemical
analyses. The following aerobic composting of the digestates
lasted 22 days at 65 ± 0.2◦C. The digestates from the three
reactors were recovered by centrifugation and mixed with a
green fraction of organic waste in a 1:1 ratio. Three technical
replicates were obtained from each digestate for composting.
A brief description of the experiment is given as an outline in
Supplementary Figure 1.

Anaerobic digestion and composting
monitoring analyses

On the one hand, during anaerobic digestion, the quantity
and quality of the produced biogas were monitored. The
percentage in the volume of CH4, CO2, O2, and the
concentration of H2S and organic acids were measured, and
the temperature inside the reactors was continuously recorded.
On the other hand, after the aerobic composting of the solid
digestates, pH, humidity, and inert materials were determined
together with the disintegration degree of the tested materials.
The measurement of the bioplastic content in the final compost
was performed in a fraction between 2 and 10 mm. The quality
of the final composts was evaluated through phytotoxicity and
ecotoxicity tests on seeds and soil fauna, respectively. Other
physicochemical analyses on materials were performed and
reported elsewhere (Bandini et al., 2022).

DNA extraction, amplification, and
sequencing

The DNA was extracted from the thermophilic anaerobic
inoculum, the sieved OFMSW slurry, and the mix of inoculum
and slurry. To monitor the microbial activity, intermediate
sampling during the anaerobic digestion was carried out,

namely at time 0 (T0), approximately one (T1) and two (T2)
weeks after the addition of bioplastics to the reactors, and
on the last day (Tfinal). The DNA was also extracted from
the final composts obtained from the three treatments. The
PowerSoil DNA Isolation Kit (Qiagen) was used, according
to the manufacturer’s instructions. DNA quantification was
performed with the Quant-iT HS ds-DNA assay kit (Invitrogen,
Paisley, UK) using a QuBitTM fluorometer and stored at−20◦C
for further analyses. Analyses were carried out using three
replicates for each sample.

DNA amplification and Illumina
high-throughput sequencing

To assess the bacterial, archaeal, and fungal communities,
microbiological analyses based on HTS of 16S rDNA and
Internal Transcribed Spacer 1 (ITS1) region of ribosomal RNA
(rRNA) amplicons were performed, respectively.

The V3–V4 bacterial regions were amplified by PCR
using universal primers 343F (5′-TACGGRAGGCAGCAG-3′)
and 802R (5′-TACNVGGGTWTCTAATCC-3′). The PCR
amplifications were performed with the Phusion Flash High-
Fidelity Master Mix (Thermo Fisher Scientific, Inc., Waltham,
MA, USA), and the mixture comprised 12.5 µl of Phusion Flash
High-Fidelity Master Mix, 1.25 µl of each primer (10 µM),
and 1 ng of DNA template and nuclease-free water, to a final
volume of 25 µl. The thermocycler program was used as
follows: initial denaturation at 95◦C for 5 min, followed by 20
cycles of denaturation at 95◦C for 30 s, annealing at 50◦C for
30 s, an extension at 72◦C for 30 s, and a final extension at
72◦C for 10 min.

Differently, to assess the archaeal diversity, the V3–
V4 regions were amplified using the primer pair 344F
(5′-ACGGGGYGCAGCAGGCGCGA-3′) (Raskin et al., 1994)
and 806R (5′-GGACTACVSGGGTATCTAAT-3′) (Takai and
Horikoshi, 2000). The PCR reaction mix was composed of
12.5 µl of Phusion Flash High-Fidelity Master Mix, 1.25 µl of
each primer (10 µM), 1 ng of DNA template, and nuclease-free
water, to a final volume of 25 µl. The thermocycler program was
with the following conditions: initial denaturation at 94◦C for
5 min; followed by 20 cycles of denaturation at 90◦C for 30 s,
annealing at 50◦C for 30 s, an extension at 72◦C for 30 s, and a
final extension at 72◦C for 10 min.

Finally, the fungal communities were estimated using the
universal primers ITS-1 (5′-TCCGTAGGTGAACCTGCGG-3′)
and ITS-2 (5′-GCTGCGTTCTTCATCGATGC-3′; White et al.,
1990), and PCR reactions were carried out with 12.5 µl of
Phusion Flash High-Fidelity Master Mix, 1.25 µl of each primer
(10 µM), and 1 ng of DNA template and nuclease-free water, to
a final volume of 25 µl. The thermocycler was set with an initial
hold at 94◦C for 4 min, followed by 28 cycles of 94◦C for 30 s,

Frontiers in Microbiology 03 frontiersin.org

77

https://doi.org/10.3389/fmicb.2022.1035561
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/


fmicb-13-1035561 November 7, 2022 Time: 15:49 # 4

Bandini et al. 10.3389/fmicb.2022.1035561

annealing at 56◦C for 30 s, an extension at 72◦C for 1 min, and
a final extension at 72◦C for 7 min.

To allow simultaneous analyses and reduce the generation
of anomalous data, an indexing PCR was performed. Amplicons
were combined in equimolar ratios and multiplexed into two
separate pools, one for Bacteria and Archaea and another
for Fungi. The pools were purified throughout the solid-
phase reversible immobilization (SPRI) method (Agencourt
AMPure XP kit; REF A63880, Beckman Coulter, Milano, Italy)
and sequenced by Fasteris S.A. (Geneva, Switzerland). The
amplicon libraries were prepared using the TruSeq DNA sample
preparation kit (REF 15 026 486, Illumina Inc., San Diego,
CA, USA), and the sequencing was carried out with the MiSeq
Illumina instrument (Illumina Inc.), generating 300 bp paired-
end reads.

Sequence processing and statistical
analyses

Data filtering, multiplexing, and preparation for statistical
analyses were performed according to previous studies (Berry
et al., 2011; Vasileiadis et al., 2015; Bortolini et al., 2016;
Puglisi et al., 2019; Bandini et al., 2020). Briefly, the MiSeq
Control Software version 2.3.0.3, RTA v1.18.42.0 and CASAVA
v1.8.2 were used for base calling, whereas the “pandaseq” script
was applied to align raw Illumina sequences (Bartram et al.,
2011). Since V3–V4, 16S rRNA and ITS1 gene amplicons are
shorter than 500 bp and require 300 bp paired-end reads per
amplicon for re-constructing full regions, a minimum overlap
of 30 bp between read pairs and two maximum allowed
mismatches was set. Fastx-toolkit1) was applied to demultiplex
the sequences according to sample indexes and primers.
According to Bortolini et al. (2016), among the bacterial
and archaeal sequences, homopolymers >10 bp (chimeras),
sequences outside the regions of interest, and non-targeted
taxa were removed. The UCHIME algorithm with the UNITE
database v6 was used to identify and discard homopolymers
>10 bp, chimeras, and non-fungal sequences among the
ITS amplicons. Operational taxonomic units (OTUs) and
taxonomy-based approaches were performed on the sequences.
Mothur V1.32.1 was applied for the OTUs and taxonomy
matrixes for the V3–V4 regions (Schloss et al., 2009), whereas
statistical analyses were performed with R2 supplemented with
Vegan package (Dixon, 2003). OTUs were determined in
VSEARCH. Mothur was used to perform ITS taxonomy-based
analyses with a minimum length of 120 bp and no upper length
limit due to ITS variability. The average linkage algorithm was
applied at different taxonomic levels to visualize the hierarchical
clustering of the sequences, while the unconstrained sample

1 http://hannonlab.cshl.edu/fastx_toolkit/

2 http://www.R-project.org/

grouping was assessed by principal component analysis (PCA),
and the canonical correspondence analysis (CCA) was used to
visualize the significance of different treatments on the analyzed
diversity (constrained variance).

To estimate the associated α and β diversity, the OTU- and
taxonomy-based matrixes were analyzed using R. Moreover, to
better estimate any significant differences between samples, α

diversity analyses based on Shannon’s Index, Observed Richness
(S), Simpson’s Diversity Index (D), and Chao’s Index were
performed on bacterial and fungal communities as previously
described (Bandini et al., 2020). Good’s coverage estimate
was calculated to assess the “percentage diversity” captured
by sequencing (Good, 1953), whereas to identify significantly
different features between samples Metastats coupled to FDR
test for the comparison of means was applied (Paulson et al.,
2011). The identification of the most abundant OTUs was
confirmed with RDP (Ribosomal Database Project) for Bacteria
and Archaea and with BLAST (Basic Local Alignment Search)
searches of the GenBank database for Fungi. Analysis of variance
of means (ANOVA) and Tukey’s HSD pairwise comparison
test (α < 0.05) were performed to assess significant differences
between samples. The raw sequences data have been deposited
in the Sequence Read Archive of NCBI, and the accession
numbers will be assigned.

In the experiment and data analyses, samples were labeled
as follows: digestate used as inoculum, “T0_none_initial_
digestate”; OFMSW slurry, “T0_none_OFMSW_slurry”; the
mixture of digestate and OFMSW slurry as initial time
T0, “T0_none_digestate_OFMSW”; intermediate samples at
T1, T2, and Tfinal during anaerobic digestion for each
treatment, “TX_treatment_anaerobic”; final compost from
each treatment, “Tfinal_treatment_compost”. Each sample was
reported in triplicate.

Results and discussion

Thermophilic anaerobic digestion and
aerobic composting of rigid bioplastics
with organic fraction of municipal solid
waste

Probably, due to the high daily OLR, the specific methane
production for bioplastics was lower than the positive control,
and biological process problems were found after 2 weeks
(Bandini et al., 2022). The process instability also resulted in
high H2S concentration in the gas phase in the last period
of the test and in a progressive increase over time in the
concentration of organic acids. At the end of the anaerobic
digestion with OFMSW, PLA and SBB spoon residues remained
in an undegraded form leading to serious risks to clog
pipers or the mechanical parts of the reactors. Also, after the
aerobic composting, the tested bioplastics did not reach the
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disintegration target imposed by UNI EN 13432 standard, and
several residues were found in the final compost. Phytotoxicity
tests reported the lowest Germination Index for PLA elutriate,
whereas a potential negative effect of SBB on soil fauna was
detected.

Overview of the bacterial, archaeal,
and fungal communities’ structure
during organic fraction of municipal
solid waste treatment with bioplastics

After the screening and filtering steps, bacterial amplicons
resulted in 14,500 high-quality sequences per sample and the
dataset revealed a consistent coverage of 99%. Sequences were
classified at 51.6% to family level, at 43.1% to genus level,
and at 5.9% to species level (data not shown). Figure 1
shows the hierarchical clustering of classified sequences using
the average linkage algorithm at the genus classification
level for all the samples. The samples clustered according
to treatments, showing differences in bacterial community
between the OFMSW slurry and all the other matrixes. The
digestate was located between the intermediate samples of T2
and the Tfinal of anaerobic digestion of the PLA treatment,
exhibiting nevertheless a unique diversity. Probably due to
the microbial richness of the digestate, the initial mixture T0
clustered among the T1 of PLA and the T2 of SBB. The
composts were placed together and showed a wider bacterial
diversity than the anaerobic digestion samples. Even among
the same treatment, some differences further demonstrate
the microbial diversity of these samples. However, the final
compost from OFMSW showed a different bacterial diversity
compared to the two tested bioplastics. The most abundant
genera in OFMSW slurry were Lactobacillus and Fusobacterium,
and these were not found in any other treatments. OTUs
assigned to the Halanaerobiaceae family were found mainly
in the initial digestate and in almost all anaerobic digestion
samples, although the abundance decreased from T0 to T2
until it dropped significantly at Tfinal for the three treatments
without differences between the positive controls and the
bioplastics. This family contains fermenting and cellulolytic
bacteria (Simankova et al., 1993) and was already reported
in the thermophilic digester (Li et al., 2015). Caldicoprobacter
was the distinctive genus of the anaerobic digestion Tfinal
samples where it was found with higher abundance and
without significant differences between OFMSW and bioplastics
treatment. Bacteria of this thermophilic genus belonging to the
class Clostridia are known for fermenting sugars into acetate,
lactate, ethanol, hydrogen, and carbon dioxide and were already
detected in anaerobic digestion (Ziganshina et al., 2017). Since
they are obligate heterotrophic bacteria mainly isolated from
hydrothermal hot springs (Bouanane-Darenfed et al., 2013),
and their presence at the end of the anaerobic phase may

be due to their resistance to high ammonia levels. Bacillus,
Geobacillus, and Ureibacillus were the dominant genera in all
compost samples and were already reported in literature for
mature substrate after composting (Vajna et al., 2012). These
thermophilic bacteria are frequently detected in compost as they
contribute to the vigorous degradation of organic compounds
(Hanajima et al., 2009), such as Ureibacillus, which is capable
of degrading lignocellulose (Wang et al., 2011) and was also
isolated during thermophilic composting of sludge (Steger
et al., 2005). Their mutual presence in the compost from
OFMSW, PLA, and SBB may suggest that these microorganisms
contribute significantly to the degradation of cellulosic material,
and possibly bioplastics, during the thermophilic composting
phase of the anaerobic digestates. Differently, Actinopolymorpha
and Thermobispora genera were mainly found in compost
obtained from OFMSW, and the second one was already
isolated from this substrate (Steger et al., 2007; Cao et al.,
2019). Thermoactinomyces genus was detected especially in
compost obtained from OFMSW and PLA. Since a member of
this thermophilic and lipolytic actinomycete was inoculated in
compost to more efficiently decompose food waste into mature
substrate (Ke et al., 2010), its presence in composts from PLA
may be positively evaluated.

Figure 2 shows the taxonomic assignment at the genus
level for the 261 archaeal high-quality sequences per sample.
The average coverage rate was 98%, and the sequences were
classified into family (100%), genus (99.8%), and species (1.2%)
levels (data not shown). Such a low taxonomic assignment at
the species level could be explained by the scarcity of data
deposited in the main database. As will later be shown in
Figure 3, one OTU was identified at the species level. Since
these microorganisms are hardly cultivable under laboratory
conditions and are often associated with extreme growth
conditions, their knowledge is still limited. In Figure 2, the
most abundant archaeal genera are shown. Methanobrevibacter
and Methanosphaera were the only genera identified, and no
particular differences were observed between the samples in
the overall reproduced OFMSW process. Methanobrevibacter
was the dominant genus in each sample and was positively
correlated with biogas yield playing a key role in biogas
production (Li et al., 2015). This genus belonging to the
Methanobacteriaceae family generally dominates the biogas
reactors and was also present in fresh cattle manure (Goberna
et al., 2015). High concentration of H2S detected in the reactors
may have significantly modulated the archaea biodiversity
during anaerobic digestion (Bandini et al., 2022). As reported in
a recently published research, since H2S is toxic to methanogens,
there is a strong correlation between the presence of this
compound and the microbial population in the reactors (Olivera
et al., 2022). Otherwise, the Methanosphaera genus was detected
in each sample except some as compost from PLA, T2 for SBB
treatment, one replicate of digestate, and Tfinal for SBB. The
presence of this methanogenic archaea was already reported
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FIGURE 1

Hierarchical clustering of bacterial sequences using the average linkage algorithm at the genus level for taxa with at least ≥5% participation in a
single sample. Taxa with low contributions were added to the “other” group. PLA, polylactic acid; SBB, starch-based bioplastic; OFMSW, organic
fraction of municipal solid waste.

in literature (Goberna et al., 2015; Achmon et al., 2019) and
dominated the active methane production during co-digestion
of food waste (Zhang et al., 2016). Members of this genus have
one of the most restricted metabolisms since they can neither
oxidize methanol to carbon dioxide nor reduce carbon dioxide
to methane (Fricke et al., 2006), and methanol- and acetate-rich
environments provide the optimum conditions to grow (Facey
et al., 2012). However, we cannot exclude the hypothesis that
the presence of archaeal DNA in composting samples can be a
residue from the anaerobic phase.

Figure 4 shows the taxonomic classification of the 12,500
ITS1 sequences per sample. The Good’s coverage result was
99%, and the sequences were classified at 75.9% at the family
level, 74.5% at the genus level, and 65.7% at the species level.
The OFMSW slurry presented a separate fungal community,

dominated by Penicillium, Debaryomyces, Kazachstania, and
Candida genera. Penicillium species usually govern food waste
(Torp and Skaar, 1998; Rundberget et al., 2004), whereas
Kazachstania spp. was already found in food waste slurry
(Wang et al., 2020) and traditional fermentation, such as
alcohols production, is connected to this genus (Di Cagno et al.,
2014; Lhomme et al., 2015). Otherwise, the anaerobic digestion
samples, including the initial digestate and intermediate times of
all the treatments, did not cluster uniformly between replicates
and stages. However, some dominant fungi can be identified
only in these samples, such as unclassified Saccharomycetes,
Cladosporium, and Mortierella. Due to the high levels of
proteins, amino acids, and ammonia food waste is an adequate
substrate for the growth of Saccharomycetes (Suwannarat and
Ritchie, 2015), which was also applied for the anaerobic
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FIGURE 2

Hierarchical clustering of archaeal sequences using the average linkage algorithm at the genus level for taxa with at least ≥5% participation in a
single sample. Taxa with low contributions were added to the “other” group. PLA, polylactic acid; SBB, starch-based bioplastic; OFMSW, organic
fraction of municipal solid waste.

digestion of kitchen waste (Zheng et al., 2022). Differently,
compost samples were grouped into separate clusters, showing a
heterogeneous trend. The positive control was distantly related
to the two bioplastic-treated composts, exhibiting a completely
different fungal community. Fungi are mainly active in an
aerobic environment and they also play a crucial role in the
polymers’ biodegradation process (Folino et al., 2020). In the
compost from OFMSW, Cladosporium, Penicillium, and Mucor
were the dominant fungal genera. In recent work, Cladosporium
was found during composting of digestate from food waste and
it is associated with the ability to degrade lignocellulose matter
(Ryckeboer et al., 2003). The presence of this fungus in compost
from OFMSW could be a good indicator. It was also found in
compost treated with PLA and SBB, but in lower abundance
than the positive control. The unclassified Sordariaceae genus

was instead a characteristic genus in compost from SBB and
PLA, and this membranous or coriaceous ascomata fungus
was often found on decaying substrate, such as wood (Zhang
et al., 2006; Maharachchikumbura et al., 2016). In conclusion,
especially in the final composts, strong differences can be
noticed between the positive control and the bioplastics
treatments, highlighting a possible effect of these materials
in modulating the fungal community involved in the aerobic
process.

Based on the HTS results, detailed analyses were carried
out in terms of α-diversity, namely, the distribution of the
most abundant bacterial, archaeal, and fungal OTUs. Chao,
Shannon’s, Simpson’s (D), and Observed Richness (Sobs) α-
diversity indexes were calculated to evaluate the diversity,
the evenness, and the dissimilarity in terms of community
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FIGURE 3

Archaeal community during anaerobic digestion. (A) Hypothesis-driven canonical correspondence analysis (CCA) model performed on the total
archaeal OTUs relative abundance data from anaerobic digestion intermediate samples. (B) Overview and identification of the most abundant
OTUs comprising 99% of the archaeal diversity in anaerobic digestion intermediate samples. PLA, polylactic acid; SBB, starch-based bioplastic;
OFMSW, organic fraction of municipal solid waste.

structure between the microbial communities at different
stages and with different treatments. Supplementary Table 1
reports the average (±SD) of α-diversity indexes and richness
of bacterial microbiomes. Based on ANOVA and LSD test
(p < 0.05) performed, Chao, Sobs, and Shannon indexes
on the bacterial α-diversity resulted in significant differences
according to F values. In particular, the digestate and OFMSW
slurry resulted in a different bacterial community compared
to all other samples (Chao and Sobs). The intermediate
anaerobic digestion samples showed fewer differences between
stages and treatments. Otherwise, archaeal α-diversity indexes
(Supplementary Table 2) resulted in significant differences
for Sobs, Simpson, and Shannon. The digestate reported a
significantly different archaeal community structure, whereas
lower distinctions were appreciated for the other samples.
According to Sobs, Shannon, and Chao indexes, the OFMSW
and PLA composts were significantly lower compared to SBB.
As for bacteria, the fungal Chao, Sobs, and Shannon α-diversity
indexes (Supplementary Table 3) resulted in significant
differences. Composts from PLA and SBB reported significantly
lower results for Chao, Sobs, and Shannon indexes compared to
the compost from OFMSW. According to the Simpson’s Index,
the T0 of anaerobic digestion reported significantly higher
differences among other samples.

This overview of the bacterial, archaeal, and fungal
communities involved in the digestate, in the OFMSW slurry, in
different stages of anaerobic digestion, and in the final compost
was crucial to assess their dynamics and the hypothetical
role of bioplastics in modulating them. According to our
knowledge, this is the first study to thoroughly map the
microbial communities involved during the OFMSW treatment.

A detailed focus on the bacterial
community during thermophilic
anaerobic digestion of organic fraction
of municipal solid waste and bioplastic

To better evaluate the effects of bioplastics on the bacterial
community during anaerobic digestion, a db-RDA model based
on OTUs was applied. Figure 5A shows the CCA that was
significant (p = 0.001) and had a high explanation of variance
(78.3% of the total variance). The first and the second canonical
axes represented 60.2 and 14.6% of the variance, respectively.
T0 samples were negatively correlated with both axes and
grouped separately, highlighting a distinct bacterial diversity.
In the same sector, CCA were also located the samples of
T1, showing a similar community between treatments and
not very distant from that of T0. The T2 samples clustered
together and overlapped the different treatments, whereas
Tfinal showed different communities for positive control and
bioplastics treatment.

Figure 5B represents the hierarchical cluster of the most
abundant OTUs in anaerobic digestion samples and the
respective identification confirmed with RDP. OTU0001, which
corresponds to Uncultured Clostridiales, was predominant at all
stages, but reduced toward the end of the anaerobic process,
as reported in a recent study under thermophilic conditions
(Jackson et al., 2020). In the early stages, OTU0001 was almost
60% of the total bacterial diversity as described in literature
(Granada et al., 2018), reducing to 40–50% at Tfinal for SBB and
PLA, and up to 30% in the positive control. In agreement with
these results, it appears that both PLA and SBB have an effect on
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FIGURE 4

Hierarchical clustering of fungal sequences using the average linkage algorithm at the genus level for taxa with at least ≥5% participation in a
single sample. Taxa with low contributions were added to the “other” group. PLA, polylactic acid; SBB, starch-based bioplastic; OFMSW, organic
fraction of municipal solid waste.

the abundance of Clostridiales, which are decisive performers
during hydrolysis, acidogenesis, acetogenesis, and syntrophic
acetate oxidation (Ziganshin et al., 2013). Both OTU0006 and
OTU0009 were identified as Hydrogenispora sp., which are
hydrolytic, acidogenic, and acetogenic bacteria already detected
in anaerobic digester (Kang et al., 2021). These bacteria are
able to ferment carbohydrates such as glucose, maltose, and
fructose into acetate, ethanol, and hydrogen, respectively (Yang
et al., 2016; Corbellini et al., 2018), and probably for this
reason OTU0009 was slightly more abundant in T1 samples,
especially in SBB. Otherwise, several strains of Clostridium sp.
(OTU0015), mainly found in T2 and Tfinal of each sample,
are key actors involved in the production of butyric acid as
the main product of sugar metabolism (Soh et al., 1991). They
also produce hydrogen, carbon dioxide, acetate, ethanol, and

lactate (Kim et al., 2010) and, probably due to the ability of
any strains to consume starch (Zhang et al., 2020), OTU0010,
identified as Uncultured Clostridiales, was mainly found in the
Tfinal of SBB treatment. OTU0016, identified as Acetivibrio
saccincola (synonym: Herbivorax saccincola) was detected in all
samples, although with a slightly lower abundance in Tfinal for
PLA and SBB. This novel thermophilic and anaerobic bacterium
was isolated from a lab-scale biogas fermenter and seems to
play a key role in the remineralization of plant biomass by
hydrolyzing polysaccharides (Koeck et al., 2016). This may
also have important implications in the degradation of organic
matter in bioplastics, and its lower abundance compared to
the positive control may not be a good indicator. Finally,
Defluviitalea sp. (OTU0044) was mainly found not only in
OFMSW Tfinal but also in PLA. This spore-forming and the
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FIGURE 5

Bacterial community during anaerobic digestion. (A) Hypothesis-driven canonical correspondence analysis (CCA) model performed on the total
bacterial OTUs relative abundance data from anaerobic digestion intermediate samples. (B) Overview and identification of the most abundant
OTUs comprising 99% of the bacterial diversity in anaerobic digestion intermediate samples. PLA, polylactic acid; SBB, starch-based bioplastic;
OFMSW, organic fraction of municipal solid waste.

saccharolytic bacterium were already isolated from an anaerobic
digester (Ma et al., 2017) and played a remarkable role in
the digestion stage of acidogenesis (Zhang et al., 2017). Its
absence in the Tfinal of the SBB treatment may not have a
positive implication in the anaerobic digestion and degradation
of organic matter processes.

A detailed focus on the archaeal
community during thermophilic
anaerobic digestion of organic fraction
of municipal solid waste and
bioplastics

Figure 3A shows the CCA for the archaeal community
structure during anaerobic digestion. The CCA model was
significant (p = 0.001) and had a high explanation of variance
(56% of the total variance). The first and the second canonical
axes represented 67.1 and 12.0% of the variance, respectively.
However, as reported in a previous study (Bandini et al., 2020),
the archaeal population did not follow heterogeneous trend
during the anaerobic digestion. Samples were overlapping for
both different stages and treatments, with the only exception
of the Tfinal for SBB, which showed more distinctive diversity.
Indeed, the ellipse is completely confined in the sector positively
correlated with the first axis and negatively correlated with the
second axis and overlaps only with the archaeal diversity found
in the Tfinal for PLA treatment.

The taxonomic assignment of the most abundant OTUs
is reported in Figure 3B and, as mentioned in the overview
discussed in the previous section, the diversity is limited.

OTU001, identified as Methanobrevibacter sp., was dominant
in each sample, especially in the digestate and in early
fermentation samples. The abundance of this OTU was almost
100%, then dropping to about 70% for the SBB Tfinal. This
genus is a methanogen responsible for methane production
from hydrogen and carbon dioxide inside the process (Sousa
et al., 2007; Wang et al., 2018) and was already detected in
thermophilic conditions (Lee et al., 2014). The decrease in
abundance in the final samples of the process may indicate
a complete utilization of the substrates necessary for the
growth of these archaea, such as biogas exhaustion. On the
one hand, Other OTUs also belong to the Methanobrevibacter
sp., but the most distinctive ones were OTU004 and OTU005
that were found mainly in the Tfinal of OFMSW and SBB.
In general, PLA Tfinal did not show uniform diversity and
clustered heterogeneously. On the other hand, Tfinal from PLA
(a replicate) and SBB clustered differently compared to the
positive control and reported a higher abundance of OTU003
(Methanomassiliicoccus sp.). This hydrogenotrophic genus was
detected in the thermophilic anaerobic digester (Jackson et al.,
2020; Sposob et al., 2020). Other OTUs that corresponded to
the same genus were also found especially in the last stages
of anaerobic digestion, without distinction between treatments,
such as OTU008 which was detected in a replicate in the
Tfinal of the positive control. As already reported in a previous
study at lab-scale (Bandini et al., 2020) and in a recently
published work (Peng et al., 2022), the relative abundance of the
archaeal community is strictly related to the Clostridium genus.
The growth of these hydrogenotrophic and syntrophic acetate-
oxidizing (SAO) microorganisms increased in tandem with the
Clostridium sp.
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A detailed focus on the fungal
community during thermophilic
anaerobic digestion of organic fraction
of municipal solid waste and
bioplastics

The db-RDA model based on fungal OTUs reported in
Figure 6A shows the CCA that was significant (p = 0.001) and
had a high explanation of variance (51% of the total variance).
The first and the second canonical axes represented 32.5 and
17.1% of the variance, respectively. The samples were quite
heterogeneously distributed. In particular, the initial digestate
was negatively correlated with both axes, almost completely
overlapping with the T1 of PLA and SBB, probably showing a
similar microbial community. The T1 of the positive control
had a wide ellipsis, including both T1 samples from the
two bioplastics and all T2 samples. The latter, in fact, were
overlaid regardless of treatment, assuming a fairly similar fungal
diversity. The final anaerobic digestion samples were positively
correlated with the first axis and negatively correlated with the
second axis, respectively. Those in the PLA treatment showed a
broader community more similar to that of the positive control,
whereas those in the SBB treatment reported a narrower and
more distinct ellipse.

Figure 6B shows the hierarchical clustering of fungal
sequences at the genus level. Studies of fungal populations
involved during anaerobic digestion in the literature are
scarce. However, given their affinity for acidic environments
(Oranusi and Dahunsi, 2013), it is critical to understand
whether they too play a key role in the fermentation of
organic matter and, especially, whether they are affected by
the presence of bioplastics during the process. Moreover,
the biodegradation of bioplastics involves, together with
prokaryotic, also eukaryotic fungi and protozoa microorganisms
(Rujnić-Sokele and Pilipović, 2017). From Figure 6B, it can
be noticed that not all replicates of the same sample are
always grouped together, but in general, the clusters were
in accordance with what is shown in Figure 6A. OTU1,
identified as Mucor racemosus, was dominant in all samples
but with lower abundance in the anaerobic digestate used
as inoculum. Only in the T2 samples from all treatments,
this OTU competed with the abundance of OTU2. This
genus was already found previously in thermophilic anaerobic
digesters treating food waste and human excreta (Oranusi and
Dahunsi, 2013; Bandini et al., 2020). Moreover, this species
was tested for phosphorous removal during waste stream (Ye
et al., 2015) but was mainly isolated from mesophilic and
thermophilic composting (Ryckeboer et al., 2003). Geotrichum
candidum (OTU14) was detected only in Tfinal samples from
all treatments, but in greater abundance in the reactor with
SBB. This yeast is widely spread in the environment and has
the ability to ferment carbohydrates, ethanol, and glycerol in
anaerobic conditions (Fisgativa et al., 2017). G. candidum is

also a plant pathogen, isolated from food waste (Fisgativa
et al., 2017), which is particularly relevant for its strong
lipase and protease activity on organic matter, and fatty acids
and peptides production. Its higher abundance with the SBB
treatment may be caused by the higher carbohydrate content
of the SBB. OTU2, identified as Pichia sp. was detected in
T1 and T2 indistinctly, although slightly with less abundance
in SBB treatment. However, in general, the abundance of this
genus increases greatly from the samples of the third day
to those of the seventh day. Pichia sp. was found also in
Tfinal samples in the same abundance as the T1 samples. This
fermentative yeast had a facultative aerobic metabolism and
was also found in a recent study focusing on fungal dynamics
in the anaerobic digestion of sewage sludge and food waste
(Qin et al., 2021). Moreover, this research states that fungal
diversity varied in relation to HRT and OLR. Pichia sp. was
particularly abundant after 34 days of anaerobic digestion, and
this result agrees with our data which reported this genus mainly
at T2 (after 18 days of reactor stabilization and 14 days after
the addition of bioplastics, for a total of 32 days). Differently,
Rhizoctonia solani (OTU37) and Itersonilia pannonica (OTU52)
can be outlined among the most distinctive OTUs for one
replicate of Tfinal from PLA and one replicate of T1 from SBB,
respectively. R. solani is a common soil-borne fungal pathogen
that was already isolated in feedstock (Bandte et al., 2013).
According to this article, the anaerobic digestion at mesophilic
conditions reduces most of the phytopathogens infecting plants,
and it was remarkable to detect its presence at the end of the
thermophilic treatment (Tfinal from PLA treatment). Finally,
since one strain of Cladosporium sp. was identified as PLA-
degrading microorganism (Nair et al., 2016), the abundance of
OTU16 and OTU8 in PLA samples may play a key role in the
degradation process of this biopolymer during the anaerobic
digestion.

Effects of polylactic acid and
starch-based bioplastic on bacterial
diversity in compost

Composting is an aerobic biodegradative process of organic
matter that involves numerous microorganisms. Microbial
communities degrade the organic substrates into more stable,
humified forms and inorganic products, while their succession
is a prerequisite to ensure not only complete biodegradation
(Ryckeboer et al., 2003) but also the quality of the final
product. Figure 7A shows the CCA for the bacterial community
structure in composts from the three treatments. The CCA
model was significant (p = 0.044) and had a 34.6% of
explanation of variance. The first and the second canonical axes
represented 59.6 and 40.4% of the variance, respectively. As
can be seen, the bacterial diversity differed significantly between
samples obtained from OFMSW, OFMSW mixed with PLA,
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FIGURE 6

Fungal community during anaerobic digestion. (A) Hypothesis-driven canonical correspondence analysis (CCA) model performed on the total
bacterial OTUs relative abundance data from anaerobic digestion intermediate samples. (B) Overview and identification of the most abundant
OTUs comprising 95% of the fungal diversity in anaerobic digestion intermediate samples. PLA, polylactic acid; SBB, starch-based bioplastic;
OFMSW, organic fraction of municipal solid waste.

and OFMSW mixed with SBB. The positive control clustered
negatively with both the axes, whereas the PLA and SBB were
both positively correlated with the CCA1, but negatively and
positively with the CCA2, respectively.

The Metastats model for the most abundant 15 OTUs
is shown in Figure 7B. First of all, it is important to
underline that after the composting phase no OTU previously
identified in the anaerobic phase were found again. This
is probably due to the difference between anaerobic and
aerobic phases, both occurring at thermophilic conditions,
which allowed the selection of different bacteria. Among
the OTUs, Geobacillus thermantarcticus (OTU0003) was one
of the most abundants, accounting for more than 40%
of the sequences for composts obtained from both the
bioplastics and about 28% for the positive control. To our
knowledge, there are no references to this thermophilic strain
in composts from the literature. However, its presence may
be associated with its optimum growth at 60◦C and its
strictly aerobic metabolism (Coorevits et al., 2012). Statistically
significant difference was found for OTU0004 and identified
as Planifilum fulgidum. This microorganism, able to degrade
hemicellulose, cellulose, and protein, was already detected as
dominant in compost containing spent mushroom substrate
and a high-nitrogen environment (Zhang et al., 2021). Other
species belonging to the genus were found in compost, but
its presence may be related to the presence of nitrogen.
Indeed, the OTU0008 was also identified as Geobacillus
thermodenitrificans, a thermophilic bacteria isolated from
compost heap which have the ability to convert lignocellulose
into lactic acid and reduce nitrate (Daas et al., 2018). This
OTU was particularly abundant in the compost from PLA
and significantly lower in that obtained from SBB, probably

due to the difference in the availability of substrates, such
as nitrogen. Moreover, a strain of Geobacillus is reported
as an L-PLA degrading thermophile (Tomita et al., 2004).
Thermaerobacter composti (OTU0017), already isolated from
compost in Japan (Yabe et al., 2009), was more abundant
in positive control and SBB compost compared to PLA,
as well as OTU0018 (Thermobispora bispora), OTU0019
(Thermasporomyces composti), OTU0025 (T. bispora), and
OTU0028 (Caldibacillus debilis). It is important to underline
that no abundant sequences of pathogenic bacteria were found.
Moreover, there were notably statistically significant differences
between the compost samples obtained from the different
treatments. In conclusion, the presence of bioplastics may
greatly influence aerobic composting.

Effects of polylactic acid and
starch-based bioplastic on fungal
diversity in compost

Some polymers are mainly, or even only, degraded by fungi
(Rujnić-Sokele and Pilipović, 2017), and thus this microbial
group will, therefore, play a key role during the aerobic
composting of food waste and bioplastics.

To better evaluate the effects of bioplastics on the fungal
community during aerobic composting, a db-RDA model based
on OTUs was applied. Figure 8A shows the CCA that was
significant (p = 0.02) and had a 39.3% of explanation of total
variance. The first and the second canonical axes represented
75.5 and 24.5% of the variance, respectively. Composts obtained
from the OFMSW showed a limited microbial diversity, and
its ellipsis was located approximately in the center of the plot.
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FIGURE 7

The bacterial community in compost. (A) Hypothesis-driven canonical correspondence analysis (CCA) model performed on the total bacterial
OTUs relative abundance data from composts of each treatment (OFMSW, control; PLA; SBB). (B) Metastats model on the relative abundances
of genera comprising 99.9% of each treatment’s bacterial diversity in composts (OFMSW, control; PLA; SBB). OTUs showing significant
differences according to the false discovery rate correction are highlighted with letters. PLA, polylactic acid; SBB, starch-based bioplastic;
OFMSW, organic fraction of municipal solid waste.

Otherwise, the composts obtained from the treatment of the two
bioplastics reported a wider fungal diversity, which was both
positively correlated with the CCA1 axes.

In order to identify any significant differences between
composts in terms of their distribution of the most abundant
OTUs, a detailed analysis was carried out using a Metastats
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FIGURE 8

Fungal community in compost. (A) Hypothesis-driven canonical
correspondence analysis (CCA) model performed on the total
fungal OTUs relative abundance data from composts of each
treatment (OFMSW, control; PLA; SBB). (B) Metastats model on
the relative abundances of genera comprising 99.9% of each
treatment’s fungal diversity in composts (OFMSW, control; PLA;
SBB). OTUs showing significant differences according to the
false discovery rate correction are highlighted with letters. PLA,
polylactic acid; SBB, starch-based bioplastic; OFMSW, organic
fraction of municipal solid waste.

model (Figure 8B). M. racemosus (OTU1) was the only
fungal OTU detected even in the anaerobic digestion and
with a higher abundance than the others in several samples.
In the compost from SBB and PLA, it was found with
an abundance >24%, resulting statistically different from
the positive control. Since different strains can produce
lipase, gelatinase, xylanase, amylase, and caseinase enzyme

(Silawat et al., 2013), highlighting its biodegradable role in
composting process. Its greater abundance in compost from
bioplastics treatment may be due to the higher carbon
availability from the polymers used. The Cladosporium genus
has the ability to produce cellulolytic and xylanolytic enzymes
(Gupta et al., 2003; Fapohunda, 2006) and was also identified
as PLA colonizing fungi (Karamanlioglu et al., 2014), but
only the OTU6400 (Cladosporium langeronii) was found in
abundance in PLA compost. The OTUs identified belonging
to the genus Penicillium, being a good producer of various
extracellular enzymes, is considered a crucial decomposer-
recycler of organic matter of all types (Hee-Yeon et al., 2007;
Li and Zong, 2010). Furthermore, Penicillium solitum (OTU3)
was among the most abundant OTU, accounting for more
than 16–24% of sequences for the three composts without
statistically significant differences. This fungus was isolated from
domestic compost and it is exploited for its extracellular lipases,
which are more active on longer chained substrates (Chinaglia
et al., 2014). However, there are no studies in the literature
on the possible relationship of this species with bioplastics.
On the contrary, some OTUs were particularly abundant in
samples from bioplastics treatment, hypothesizing that they
may play a key role in their biodegradation in thermophilic
composting environments. On the one hand, OTU18 (Circinella
muscae), OTU25 (Penicillium magnielliptisporum), and OTU27
(Mucor circinelloides) were mainly found in PLA compost,
but no reference to the possible affinity of these fungi
with bioplastics was found in the literature. On the other
hand, Penicillium roqueforti (OTU36), due to its ability to
totally assimilate DL-lactic acid, partially soluble racemic
oligomers, and nitrogen source, was isolated as PLA-degrading
microorganism (Torres et al., 1996). Since it was found only
in the compost obtained from this treatment, its role may
be to degrade PLA with promising potentials. In composts
obtained from SBB treatment, OTU2855 (Sordaria tomentoalba)
and OTU5 (Thermomyces lanuginosus) were more abundant
compared to the other samples. T. lanuginosus is a polyester-
degrading thermophilic bacterium able to hydrolyze the
aromatic poly(trimethylene terephthalate) (PTT) (Eberl et al.,
2008) and polyurethane (PU) (Zafar et al., 2014), but there are
no references in the literature about this fungus associated with
SBB. To summarize, our results suggested that PLA and SBB
may influence and modulate the fungal community involved
during the thermophilic aerobic composting of OFMSW.

Conclusion

This work gain insight into the microbial structures
during the anaerobic digestion and aerobic composting of
OFMSW with PLA and SBB, giving a new approach to
understanding the microbial activity of bacteria, archaea, and
fungi involved and hypothesizing the relationship between these

Frontiers in Microbiology 14 frontiersin.org

88

https://doi.org/10.3389/fmicb.2022.1035561
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/


fmicb-13-1035561 November 7, 2022 Time: 15:49 # 15

Bandini et al. 10.3389/fmicb.2022.1035561

microorganisms and the different tested materials. Our results
suggest that these materials shape microbial communities at
different stages of the process, but their effect is most evident
in the aerobic composting phase. Distinctive bacteria and
fungi were detected in PLA and SBB treatment, suggesting a
possible role of these materials in establishing different substrate
conditions for their growth probably due to the presence and/or
release of additives, chemicals, and plasticizers. Among fungi,
P. roqueforti was found only in compost from PLA treatment
and T. lanuginosus in that from SBB. Moreover, through
a culturable isolation approach, the microorganisms found
on each specific material may be exploited to enhance their
biodegradation in contaminated environments. Certainly, a
fundamental role is also played by the process parameters, which
define the primary conditions for the growth of the different
microbial groups involved. To better understand the fate and
impacts of these biopolymers, further studies should focus
on the microbial activity in the process and the feasibility of
allowing these materials in food waste collection management.
It is critical to understand whether bioplastics may lead to
operational challenges not only in physical biodegradation
but also in microbiological aspects, and the full extent of
biodegradability of bioplastics must be discussed so that the
existing plants can determine how to better process them.
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Introduction: Plants interact with plant growth-promoting bacteria (PGPB), 
especially under stress condition in natural and agricultural systems. Although a 
potentially beneficial microbiome has been found associated to plants from alpine 
systems, this plant- PGPB interaction has been scarcely studied. Nevados de Chillán 
Complex hold one of the southernmost xerophytic formations in Chile. Plant species 
living there have to cope with drought and extreme temperatures during the growing 
season period, microclimatic conditions that become harsher on equatorial than 
polar slopes, and where the interaction with PGPB could be key for plant survival. 
Our goal was to study the abundance and activity of different PGPB associated to 
two abundant plant species of Andean xerophytic formations on contrasting slopes.

Methods: Twenty individuals of Berberis empetrifolia and Azorella prolifera shrubs 
were selected growing on a north and south slope nearby Las Fumarolas, at 2,050 
m elevation. On each slope, microclimate based on temperature and moisture 
conditions were monitored throughout the growing period (oct. – apr.). Chemical 
properties of the soil under plant species canopies were also characterized. Bacterial 
abundance was measured as Log CFU g−1 from soil samples collected from each 
individual and slope. Then, the most abundant bacterial colonies were selected, and 
different hormonal (indoleacetic acid) and enzymatic (nitrogenase, phosphatase, ACC-
deaminase) mechanisms that promote plant growth were assessed and measured.

Results and Discussion: Extreme temperatures were observed in the north facing 
slope, recording the hottest days (41 vs. 36°C) and coldest nights (−9.9 vs. 6.6°C). 
Moreover, air and soil moisture were lower on north than on south slope, especially 
late in the growing season. We found that bacterial abundance was higher in soils 
on north than on south slope but only under B. empetrifolia canopy. Moreover, the 
activity of plant growth-promoting mechanisms varied between slopes, being on 
average higher on north than on south slope, but with plant species-dependent 
trends. Our work showed how the environmental heterogeneity at microscale in 
alpine systems (slope and plant species identity) underlies variations in the abundance 
and plant growth promoting activity of the microorganisms present under the plant 
canopy of the Andean xerophytic formations and highlight the importance of PGPB 
from harsh systems as biotechnological tools for restoration.
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Introduction

Plant growth-promoting bacteria (hereafter PGPB) are a diverse 
group of microorganisms beneficial to free-living or endophytic plants 
and can inhabit different plant compartments (de Souza et al., 2015; 
Afzal et  al., 2017). Different bacterial traits promote plant growth 
directly or indirectly through mechanisms that have been widely 
documented, especially in soil and plant rhizosphere bacteria (Gamalero 
and Glick, 2011; Ramakrishna et al., 2019). These mechanisms mainly 
include enzymatic activities, such as urease, phosphatases, β-glucosidase, 
catalase, and the production of bacterial phytohormones that promote 
plant growth (Glick, 2012). Among the most studied mechanisms are 
nitrogen fixation, phosphate solubilization, phytohormone production, 
siderophores, and enzymes activity such as ACC deaminase that 
promotes resistance to different stress factors (e.g., Drought, Ashry et al., 
2022; salinity, Kumar et al., 2020; trace metals, Kong and Glick, 2017). 
For example, the bacterial enzyme nitrogenase catalyzes molecular 
nitrogen to ammonia, which is absorbed by the plants increasing crop 
yields (Franche et al., 2009). Likewise, bacteria with ACC deaminase 
enzyme activity can degrade 1-aminocyclopropane-1-carboxylate 
(ACC), an ethylene precursor, producing ammonia and α-ketobutyrate. 
The decrease in ethylene levels allows the plant to survive under stressful 
conditions (e.g., drought and salinity; Glick et  al., 2007; Orozco-
Mosqueda et al., 2021). Another interesting mechanism is phosphate 
solubilization by bacterial enzymes such as phosphatase, phytase, and 
C-P lyase, that solubilize organic phosphate into inorganic phosphate, 
which could be absorbed and used for plant metabolism (Rawat et al., 
2021). Moreover, bacterial phytohormones such as indole acetic acid 
(IAA) stimulate plant cell division, enhancing growth in roots and aerial 
structures (Duca and Glick, 2020). All these bacterial mechanisms that 
promote plant growth depend on environmental factors (Olanrewaju 
et al., 2017).

The growth-promoting activity of soil PGPB is influenced by abiotic 
and biotic factors. For example, nitrogen fixation is favored by increasing 
phosphorus and carbon availability but decreases in the presence of 
trace metals (Liengen, 1999; Wakelin et al., 2010). Regarding phosphate 
solubilization, Mujahid et  al. (2015) have reported that phosphate-
solubilizing PGPB increase their halo in media with carbon and nitrogen 
sources. While Alemneh et al. (2022) correlated soil chemical properties 
and phosphate solubilization of PGPB, and determined that these did 
not benefit from soil carbon and nitrogen. We believe that the high 
availability of carbon and nitrogen in growing media, such as those 
observed by Mujahid et al. (2015) generate opposite trends in phosphate 
solubilization when compared to the availability of these nutrients in the 
soil. Moreover, the production of IAA correlates positively with the 
presence of heavy metals, and negatively with the availability of sugars, 
nitrogen, and phosphorus in the soil (Ahmad et al., 2005; Mendoza-
Hernández et al., 2016; Alemneh et al., 2022). Finally, ACC-deaminase 
activity of several bacteria genus increases to deaminate ACC in the 
presence of copper, arsenic, and lead (Mendoza-Hernández et al., 2016). 
Alternatively, plant root exudates compound rich in sugars, which favor 
microbial metabolism, increasing growth-promoting activity and plant-
PGPB interactions (Bais et al., 2006). In turn, root exudates releasing is 
also influenced by abiotic conditions to which plants and PGPB are 
exposed, such as soil moisture, nutrient availability, and temperature 
(Vives-Peris et  al., 2018; Barbosa et  al., 2020). For instance, the 
interaction between the coastal halophyte plant Limonium sinense with 
habitat-adapted, endophytic bacteria of the genus Bacillus favoring plant 
survival under salt stress and is mediated by root exudates (Xiong et al., 

2020). Soil temperature and moisture have also been defined as drivers 
of bacterial growth-promoting activity (Rousk et al., 2018). The ideal 
temperature for phosphate solubilization is below 25°C (Mujahid et al., 
2015), while higher temperatures coupled with higher soil acidity 
increase IAA production (Kanu and Dakora, 2009; Alemneh et  al., 
2022). Soil moisture, in turn, has been defined as an indispensable 
resource for the activity of nitrogen-fixing bacteria in cold climates such 
as the Arctic tundra (Rousk et al., 2018). Therefore, the abundance and 
activity of PGPB will depend on their environmental requirements and 
availability of resources such as those required by the plants with which 
they interact.

The benefits of PGPBs have been reported mainly in agricultural 
systems due to the global demand for food and cultivable land 
(Bhattacharyya and Jha, 2012; Ramakrishna et al., 2019). In contrast, the 
abundance and activity of PGPBs in natural systems have been scarcely 
explored, despite its great potential and novelty (Pérez-Jaramillo et al., 
2018; Leontidou et al., 2020). For example, PGPBs associated to wild (or 
native plants) species have been reported in harsh environments, such 
as desert (Fuentes et al., 2020; Maldonado et al., 2022), alpine (Sezen 
et  al., 2016; Adamczyk et  al., 2019; Wang et  al., 2020), and saline 
environments (Rueda-Puente et al., 2019). Additionally, some studies 
have explored the presence of PGPBs adapted to environments with 
extreme conditions, such as salinity, (e.g., PGPBs studied from the soils 
of Lonar Lake in India, Hingole and Pathak, 2016), drought (e.g., PGPBs 
from different desert regions of Egypt, Ashry et  al., 2022), or low 
temperatures (e.g., isolated PGPBs from the Himalayas, Yadav et al., 
2015). Undoubtedly, exploring “harsh” systems for different life forms 
offers a space to find microorganisms with great potential for plant 
production and restoration, due to their ability to cope with extreme 
conditions and to promote plant growth and survival.

Alpine systems represent a natural laboratory to explore the 
presence and activity of PGPBs because of their harsh climatic 
conditions for life (Körner, 2004; Li et al., 2020; Rahman et al., 2020). In 
alpine habitats, temperature, radiation, exposure, and precipitation vary 
with season, altitude, and exposure of slopes (Körner and Ohsawa, 
2005), producing a spatial heterogeneity of environmental conditions 
(Siles and Margesin, 2016; Körner, 2021), which may affect from 
individual physiological responses to the distribution and community 
structure of plants (Chaturvedi and Shivaji, 2006; Rumpf et al., 2018; 
López-Angulo et al., 2019; Sklenář et al., 2021). Such environmental 
heterogeneity has been studied mainly along altitudinal gradients and 
contrasting slope exposures. Specifically, soils of pole-facing slopes tend 
to be  wetter, colder and with higher organic matter than those of 
equatorial-facing slopes (Scherrer and Körner, 2011). These differences 
in environmental conditions propitiate greater plant species richness 
and cover in polar than equatorial facing slopes (Zeng et  al., 2014; 
Måren et al., 2015; Viale et al., 2019). While the difference in plant 
diversity of high-elevation species between slopes has been widely 
studied (e.g., Zeng et al., 2014; Yang et al., 2020), differences for other 
organisms such as PGPBs have been almost unexplored. To date, 
bacterial diversity decreases with altitude (Adamczyk et  al., 2019). 
Meanwhile, their relative abundance, especially in free-living 
psychrophiles, increases with elevation (Siles and Margesin, 2016; Rui 
et al., 2022). PGPBs natives to alpine systems are essential nowadays due 
to their ability to cope with low temperatures and to promote plant 
growth through different mechanisms under cold conditions and poor 
nutrient soils (Chaturvedi and Shivaji, 2006; Jaggi et al., 2020; Farooq 
et al., 2022). These constraint conditions for plants can be alleviated by 
PGPBs through the activity of enzymes and phytohormones that favor 
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plant nutrient uptake and stress resistance (Haselwandter et al., 1983; 
Widawati and Suliasih, 2006; Joshi et al., 2014; Yarzábal, 2014; Kadioglu 
et al., 2018; Pandey and Yarzábal, 2019; Fan et al., 2021). Some studies 
have reported PGPBs in alpine ecosystems (Yadav et al., 2015), described 
their diversity in terms of factors structuring bacterial communities 
(Tang et al., 2020; Wang et al., 2020; Rui et al., 2022), and quantified their 
plant growth-promoting activity (Haselwandter et al., 1983; Widawati 
and Suliasih, 2006; Viruel et al., 2011; Yadav et al., 2015; Kadioglu et al., 
2018). Although the interaction with beneficial microorganisms could 
be part of the adaptive strategy of plants in alpine systems (Farooq et al., 
2022), little is known about their abundance and activity of PGPB in 
contrasting microhabitats within these natural systems.

The Nevados de Chillán volcanic complex is in a Mediterranean – 
Temperate climate transition zone (Arroyo et al., 2004), characterized 
by a complex topography (González-Ferrán, 1995; Dixon et al., 1999), 
and great plant diversity and endemism (Rodríguez et al., 2008). The 
lower portion of the alpine zone is dominated by xerophytic vegetation, 
which is one of the southernmost xerophytic formations in Chile (Squeo 
et al., 2008). Plant species of this Andean xerophytic formation must 
cope with low soil moisture and large-daily thermal oscillations during 
the snow-free period in the area, which could be even more extreme 
depending on slope exposure. The success of xerophytic plant species in 
alpine systems could be  mediated by PGPBs-plant associations. 
However, knowledge is scarce, with only one study reporting PGPB 
isolated from the shrub species Parastrephia quadrangularis in the 
Andean Puna (Acuña et al., 2019). Thus, our general goal was to study 
the abundance and activity of different plant growth-promoting bacteria 
(PGPB) associated with two abundant plant species of Andean 
xerophytic formations on contrasting slopes. We  expected that the 
abundance and activity of different PGPB associated with plant species 
will be greater on drier and or more thermally extreme slope.

Materials and methods

The study area was the Fumarolas sector (36°55′15”S, 71°26′25”W), 
nearby Nevados de Chillán Ski Resort, located at 80 km east of Chillán 
(Ñuble region, Chile). Is located in the transition zone between central 
Chile’s Mediterranean regions, with sclerophyllous and temperate forests 
plant elements of South Chile (Arroyo et  al., 2004). This area is 
characterized by a past and current volcanic activity resulting in a 
manifold topography characterized by a complex relief and geology 
(González-Ferrán, 1995; Dixon et  al., 1999). The combination of 
biogeographic situation, geomorphologic complexity, and climate 
change leads to an exceptional degree of botanical diversity and 
endemism (Rodríguez et  al., 2008). In this area, the treeline is 
determined by Nothofagus pumilio and N. antarctica at approximately 
2,100 m above sea level (Fajardo et al., 2011; Piper et al., 2016). Above 
there, the alpine zone comprises an elevation range from 2,100 to 
2,700 m (Pfanzelt et  al., 2008). Vegetation is short (<150 cm), and 
arranged in plant assemblages of shrubs, rosettes, grasses, and geophytes 
(Pfanzelt et  al., 2008). For example, lower elevation portion (2100–
2,300 m) comprises several shrubs (Berberis empetrifolia, Azorella 
prolifera) and herbaceous species (Adesmia emarginata, Grausa 
lateritia) assemblages, which coincides with one of the southmost 
xerophytic formations in Chile (Figure 1; Donoso, 1982; Squeo et al., 
2001; Moreira and Cereceda, 2013). Upper elevation portion (2300–
2,700 m) is dominated by herbaceous species (Viola volcanica, Nassauvia 
revoluta) and grasses (Bromus, Festuca, and Poa species), which forms 

a matrix of low plant cover between rocks and lava flows (Pfanzelt et al., 
2008). In general, this Andean system is characterized by summer water 
shortage and great daily temperature fluctuations (Termas de Chillán 
climatic station, CN360042, 1708 m above sea level).1 During the snow 
free period, i.e., between October and April approximately, daily 
minimum and maximum air temperatures oscillate between −10°C to 
more than 41°C, respectively (Table 1), depending on slope and date. 
Moreover, soil water potential decrease from −0.8 MPa in October to 
<−2 MPa in March, especially in north-facing slopes (Figure 2).

Species selection

A pre-selection of six target species was conducted, based on 
Herbarium data at the Universidad de Concepción (CONC, Chile). This 
information was crossed with the national distribution of plant xerophytic 
formation report elaborated by National Forestry Service, CONAF 
[Gestión de Recursos Naturales (GRN), 2022]. The combined information 
added to field observations enabled to select within the study area two 
dominant species in the Andean xerophytic formations: Berberis 
empetrifolia Lam. (Berberidaceae) and Azorella prolifera (Cav.) 
G.M. Plunkett & A.N. Nicolas (Apiaceae; Figure 1). B. empetrifolia is a 
spiny and dwarf shrub of 50 cm tall, that has small narrow entire leaves, 
and small, yellow-colored flowers and later freshy blue-black berries. It is 
distributed from 29° to 56° S along Chile and Argentina, and from sea 
level to 3,500 m elevation (Rodríguez et al., 2018). A. prolifera is a shrub 
or subshrub that is native to Argentina, Bolivia and Chile, that forms 
cushions up to 100 cm high, yellowish-green, sometimes glaucous, very 
aromatic, petiolate leaves measuring up to 50 mm long, with yellow 
flowers, hermaphrodite in the center and male at the edge, arranged in 
simple umbels protruding above the foliage, its fruit is a winged reddish-
yellow schizocarp. A. prolifera is distributed from 26° to 56° S, and from 
o to above 1,500 m of elevation (Rodríguez et al., 2018). Both species are 
key for other plants recruitment in the southern Andes (Nuñez et al., 
1999) and exhibit high resistance to different types of stress (Durante et al., 
2011; Golluscio et al., 2011; Varas et al., 2013; Sierra-Almeida et al., 2016).

1 https://climatologia.meteochile.gob.cl/ref

FIGURE 1

Study site located in the Nevados de Chillán Volcanic complex. Letters 
(A,B) indicate the north and south slopes, respectively. Selected species 
present on both slopes are indicated on the right side: (C). A. prolifera 
and (D). B. empetrifolia. Credits: Carla Aguilera-Torres.

95

https://doi.org/10.3389/fmicb.2022.1062414
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://climatologia.meteochile.gob.cl/ref


Aguilera-Torres et al. 10.3389/fmicb.2022.1062414

Frontiers in Microbiology 04 frontiersin.org

Microclimatic characterization of 
contrasting slopes

Target species were present in two contrasting slopes (Figure  1): 
north- (1,984 m, 36°54′24.25”S 71°24′10.16”W) and south-exposure 
(2,089 m, 36°54′16.90”S 71°23′58.83”W). On each slope, three air 
temperature (°C) and relative humidity (%) sensors were placed at 15 cm 
above the soil surface (U23 Hobo Pro v2 6′, Onset Comp, United States). 
They were programmed to record every 30 min during the entire snow 
free period. On the north-facing slope, sensors were installed on October 

28, 2021, whilst on the south slope, they were installed on December 02 
because it was covered by snow before this date. Air temperature recording 
were used to estimate several parameters: seasonal mean, maximum and 
minimum air temperatures; intensity, frequency, and duration of freezing 
(T < 0°C) and heat events (T > 30°C); growing degree days (GDDs), used 
as a measure of heat accumulation (in °C) above a base temperature (i.e., 
0°C) to represent an index of the cumulate energy available to growing 
plants (McMaster and Wilhelm, 1997). It was calculated as:

GDD0 = [[(maximum daily temperature + minimum daily 
temperature)/2]] − base temperature.

The daily GDDs were summed per the entire growing season on each 
slope. We used 0°C as a conservative base growing temperature (threshold 
temperature above which plants can perform metabolic functions), because 
plants from cold climate generally vary in their absolute base growing 
temperature, and this value encompasses this variability (Körner, 2011).

Soil temperature and water potential were recorded by using 
psychrometers (PST-55, C52 Wescor Inc., Utah, United States), which 
were placed at 15 cm of soil depth (n = 3 per slope). These sensors were 
buried at the same date as air sensors. Soil temperature and moisture 
were manually recorded once per month using a microvoltmeter (HR 
33 T; Wescor Inc., Utah, United States). In April, measurements of soil 
temperature and water potential were not carried out because started 
snowfall. All sensors were removed from the sites on April 19, 2022.

Given that soil chemical properties affect the bacterial abundance 
and activity (Preem et al., 2012; Chodak et al., 2015), on April 16, soil 
samples were collected under the plant canopy for their chemical 
characterization. A total of 12 soil samples of 1 kg (3 replicates × 2 
species × 2 slopes) were placed into plastic bags, marked, and 
immediately transported into a cooler to our lab group at the University 
of Concepción (Concepción). Then, soil samples were sent for complete 
chemical analysis to the Soil and Plant Analysis Laboratory at 
Universidad de Concepción (Chillán).

Bacterial abundance

On April 19, soil samples were collected from surrounding roots of 
Azorella prolifera and Berberis empetrifolia. Three soil samples of 0,5 kg 
were collected per species and slope (total 12 samples). Samples soils 
were placed into a cooler and immediately transported to our lab, where 
they were stored at −20°C until the start of microbiological studies. 
Abundance of bacteria were estimated by Colony-Forming Unit (CFU) 
per species (A. prolifera and B. empetrifolia) and slope (North and 
South). For this, 1 g of soil per species and slope exposure was taken and 
serially diluted in Phosphate-Buffered Saline (PBS) medium under 
sterile conditions. Subsequently, the 10−2 and 10−3 dilutions were sown 
on plates with plate count agar medium (DIFCO), which were incubated 
for 2 days at 25°C. The CFU of each dilution was then counted to 
determine the most abundant and morphologically different culturable 
strains for plant growth-promoting trait assays. The CFU were 
transformed to their natural logarithm (Log CFU g−1).

PGPB activity

The five most abundant and distinct colonies by species and slope 
were selected according to their bacterial cell shape and structural 
appearance. They were subculture two or three times until pure strains 

TABLE 1 Air temperature and moisture conditions measured on two 
contrasting slopes in the alpine zone of the Nevados de Chillán volcano 
complex.

Variable
North-facing 

slope
South-facing 

slope

Snow free period (d) 174 140

Mean temperature (°C) 11.9 ± 0.1a 12.3 ± 0.1a

GDD0 (°C day−1) 2363.4 ± 153a 1846.8 ± 78.5b

Thermal breadth (°C) 22.1 ± 0.3a 18.2 ± 0.3b

Minimum temperature (°C) 2.6 ± 0.2a 4.3 ± 0.2b

Freezing intensity (°C) −2.5 ± 0.2a [−9.9]* −2.3 ± 0.3a [−6.6]*

Freezing duration (h) 4.1 ± 0.3a 5.5 ± 0.6b

Freezing frequency (%) 29.3a 11.4b

Maximum temperature (°C) 24.6 ± 0.4a 22.5 ± 0.6b

Heat intensity (°C) 33.5 ± 0.3a [41.3]* 32.2 ± 0.2b [35.8]*

Heat duration (°C) 3.2 ± 0.2a 2.4 ± 0.3b

Heat frequency (%) 48.9a 27.9b

Mean Relative Humidity (%) 51.9 ± 0.2a 51 ± 0.3a

Min Relative Humidity (%) 21.9 ± 0.6a 28.4 ± 1.2b

Max Relative Humidity (%) 84 ± 0.6a 80.4 ± 1.3b

*On the north-facing slope, freezing occurred on November 4, 2021, while heat occurred on 
January 17, 2022; on the south-facing slope, heat occurred on February 8 and freezing occurred 
on April 3, 2022. Values correspond to average ± SE (n = 3) for the entire snow free period 
between October 28, 2021, and April 19, 2022. Different upper cases indicate significant 
differences (p < 0.05). Extreme temperatures are shown between brackets as absolute values.

A B

FIGURE 2

Soil climatic conditions measured in two contrasting slopes in the 
Nevados de Chillán Volcano complex. (A) Water potential (MPa) and 
(B) soil temperature (°C) was measured at 15 cm of soil depth on two 
contrasting slopes. Values correspond to average ± SE (n = 3). Dashed 
grey lines indicate temperature thresholds for plant physiology: heat 
(30°C) – freezing (0°C). Blue arrows indicate snowfall. Asterisks show 
significant differences (Repeated measures ANOVA, p < 0.05).
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were obtained. Nineteen culturable bacterial strains were obtained and 
subjected to assays that evaluated the activity of four plant growth-
mechanisms, including IAA production, ACC deaminase, phosphate 
solubilization and nitrogenase enzyme activities and then were 
compared between contrasting slopes.

 a. To evaluate indole acetic acid (IAA) production, selected 
culturable strains were inoculated in generic nutrient broth [1 gD 
(+)-glucose, 15 g peptone, 6 g NaCl, 3 g yeast extract], with 0.15% 
(w/v) tryptophan in darkness for 96 h at 30°C with 120 rpm. IAA 
production was measured via high-performance liquid 
chromatography (HPLC; Primaide, Hitachi Co, Ltd., Tokyo, 
Japan; Gang et al., 2019). The calibration curve was prepared with 
serial solutions of IAA ranging from 0 to 50 ppm in methanol, 
50 μl of the samples were injected onto a kromasil C-18 column 
equipped with a diode array detector, and retention times ranged 
from 5.7 to 7.9 min. All samples were analyzed in triplicate. The 
results were expressed in μg ml−1 of bacterial IAA.

 b. The presence and activity of ACC-deaminase enzyme was 
studied following protocols described by Senthilkumar et  al. 
(2021) and Penrose and Glick (2003) with modifications. Liquid 
DF minimal culture medium was prepared, where the bacteria of 
interest were inoculated at 28°C for 72 h; bacteria that showed 
turbidity were seeded in solid DF minimal medium to confirm 
the presence of ACC deaminase. In cultures that evidenced plate 
growth in solid DF medium, ACC deaminase enzymatic activity 
was measured by the production of α-ketobutyrate, which was 
determined by spectrophotometer (Spectroquant Prove 300) at 
540 nm by comparison with the standard curve of α-ketobutyrate, 
which ranged from 0 to 100 μM (Honma and Shimomura, 1978). 
Higher concentrations of α-ketobutyrate were indicative of 
higher enzyme activity (Ali et al., 2014).

 c. To determine nitrogenase enzyme activity, strains were 
incubated in a semi-solid nitrogen-free (NF) medium for 72 h at 
28°C (Kifle and Laing, 2015). Samples showing evidence of 
turbidity were subjected to acetylene reduction assay (ARA; 
Hardy et al., 1968), where 10% of the atmosphere was removed 
with a syringe and replaced with acetylene. After 20 h, 4.4 ml of 
gas was taken for each vial to analyze the amount of ethylene 
formed through gas chromatography (GC 6890  N, Agilent 
Technologies), equipped with J&W HP-5 GC column, 30 m, 
0.25 mm, 0.25 μm, H₂, N₂, and air detectors, with flow rates of 40, 
24, and 450 ml/min, respectively. To determine the injection, 
detection and column temperatures, the ranges of Hara et al. 
(2009) were followed with modifications: Injection temperatures 
were 150°C, detection temperature was 150°C, and column 
temperature was 50°C. Retention times ranged from 1 to 1.5 min. 
4–5 ml of samples were injected per 10 min. Each sample was 
prepared in triplicate for injection. The calibration curve was 
prepared with solutions composed of different ethylene 
concentrations expressed in nmol C₂H₄ d−1vial−1.

 d. Phosphate solubilization, mineral phosphate solubilization was 
assayed according to Pikovskaya (1948), the mineral phosphate 
solubilization was assayed by seeding bacteria in a solid medium 
Pikovskaya (PVK) in plates containing insoluble tricalcium 
phosphate, that bacteria with phosphatase are capable of 
degrading. The plates were incubated at 28°C. The development 
of a clear zone around the colony was evaluated after 20 days. 
Samples were analyzed in triplicate.

Identification of bacterial strains by studying 
the 16S rRNA gene

To determine whether the selection of bacterial strains by cellular 
and structural appearance included different species, the following 
analysis were carried out. Ten bacterial strains randomly selected of 19 
used for PGPB analysis were grown on semi-solid TBS medium. DNA 
extractions of individual colonies were performed using the DNeasy® 
Plant mini kit (QIAGEN, Dusseldorf, Germany) according to the 
manufacturer’s instructions. The integrity of the DNA samples was 
visualized by agarose gel electrophoresis, the concentration was 
determined by spectrophotometry (A260/A280) using Infinite® M200 
Pro NanoQuant (Tecan®, Tecan Trading AG, Switzerland) and the 
DNA samples were kept at −20°C. PCR was performed to amplify and 
sequence part of the 16S rRNA gene. PCR reactions contained 1X 
GoTaq® reaction buffer (1.5 mM MgCl2), 200 mM dNTP, 0 2 μM of 
each primer (16S_27F, 5’-AGAGAGTTTGATCCTGCTCAG-3′ and 
16S_805R, 5’-GACTACHVGGGGGTATCTAATCC-3′), 1 U of GoTaq 
DNA Polymerase (Promega, Madison, United States), 20 ng/μL−1 of 
DNA and filled to 20 μl with sterile filtered molecular grade water. 
Thermal conditions were achieved by cycling at 94°C for 3 min, 
followed by 35 cycles of DNA denaturation at 94°C for 60 s, primer 
annealing at 45°C for 40 s and DNA elongation at 72°C for 60 s, and a 
final extension at 72°C for 7 min. PCR products were run on 1% (w/v) 
agarose gels with SYBR Safe DNA Gel Stain (Thermo Fisher Scientific, 
Inc., Carlsbad, CA) in TAE buffer at 80 V for 45 min. The amplicons 
were visualized in a UV light transilluminator. The amplified DNA 
fragments were purified and directly sequenced in both directions 
(Macrogen, Seoul, South Korea). Sequencing results (ABI 
chromatograms) were analyzed in the free open-source software 
UGENE v.33. Nine out of 10 bacterial strains yielded analyzable 
chromatograms. The consensus fastq files were analyzed using the 
EzBioCloud 16S Database (Yoon et al., 2017). EzBiocloud is a species 
level resolution database made of 61 700 species/phylotypes, including 
13 132 species/phylotypes with validly published names. A 
phylogenetic tree was constructed using the Seaview 4.0 program with 
the neighbor-joining method to determine relationships between 
bacterial strains. The resulting consensus tree was constructed using 
1000 replicates.

Data analysis

Differences in soil conditions (i.e., temperature and water potential) 
throughout the growing season between north and south slopes were 
assessed by repeated measures ANOVAs (p < 0.05). Differences in 
mean, maximum, minimum air temperature and relative humidity, 
thermal breadth, intensity and duration of freezing and heat events 
between north and south-facing slopes, were assessed by t tests or 
non-parametric equivalent tests (p < 0.05) when data normality and 
homoscedasticity were not met. Differences in frequency of freezing 
and heat events and GDDs between slopes were assessed by Chi2 tests. 
Differences in soil properties were assessed by Factorial ANOVAs, 
where species and slope were predictors. When parametric 
requirements were not met these differences were assessed by Kruskal-
Wallis ANOVA by ranks. Differences in PGPB abundance (Log 
CFUg−1) and in the activity of plant growth-promoting mechanisms 
(i.e., phytohormone and enzymes) were assessed by ANOVAs as well. 
All data were analyzed through the Statistica version 13.
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Results

Microclimatic characterization of 
contrasting slopes

The North-facing slope was potentially more stressful than south-
facing slope according to microclimatic data obtained during the 
complete snow free period (Table 1). Although air mean temperature 
was similar between slopes (t = 0.02, p = 0.985), GDD0 were 22% 
(χ2 = 3,133, p < 0.0001) and thermal breadth was 3.9°C greater (t = 7.3, 
p < 0.001) in north- than in south-facing slope. In addition, considerable 
differences in extreme temperatures were observed (Table  1). For 
example, the mean minimum temperature was lower in north- than in 
south-facing slope (2.5°C ± 0.2 vs. 4.3°C ± 0.2, t = 4.2, p < 0.0001). The 
intensity of freezing events averaged −2.4°C for both slopes (t = 0.11, 
p = 0.74), but their frequency was 2.4 times greater in north- than in 
south-facing slope (χ2 = 10.7, p = 0.001), with the lowest temperature of 
−9.9°C recorded on November 4, whilst south-facing slope was covered 
by snow. The duration of freezing events was 25% longer in south- than 
north-facing slope (t = 5, p = 0.028), but in both microsites they lasted 
on average more than 4 h (Table 1). At the other extreme, the mean 
maximum air temperature was 2.2°C higher in north- than in south-
facing slope (Table 1, Z = 2.86, p = 0.004). In north-facing slope, heat 
events were 1.8 times more frequent (χ2 = 9.8, p = 0.002), 1.3 times 
longer (Z = 2.3, p = 0.022) and 1.3°C hotter (Z = 2.5, p = 0.011) than in 
the south-facing slope. In addition, heat events with temperatures over 
40°C were recorded only in the north-facing slope (Table 1). Regarding 
air relative humidity (RH), averaged 51% for both slopes (t = 2.7, 
p = 0.077), but minimum RH was 6.5% lower (t = 3.9, p = 0.001) and 
maximum RH was 4% higher (t = 2.1, p = 0.034) in north- than in 
south-facing slopes.

Soil temperature was similar on north and the south-facing slope 
(Figure 2; slope F1,4 = 0.5, p = 0.519) with variations reported throughout 
the growing season (date F2,8 = 15.3, p = 0.002). In contrast, soil water 
potential was on average − 0.7 MPa and − 0.5 MPa in December and 
January on both slopes, respectively (Figure 2). However, its decrease 
was 2.2 times greater in the north- than in the south-facing slope (date 
x slope F2,8 = 9.3, p = 0.008). Hence, soils of north-facing slopes reported 
water potential of −1.96 MPa in March, while on the south-facing slope 
it was of −0.89 MPa (Figure 2). No recordings were carried out in April 
because snow started to cover soil moisture sensors.

Soil chemical properties varied between plant species and slope 
exposure (Table 2). For example, soil pH under Azorella prolifera was 
on average greater than of under Berberis empetrifolia (6.3 vs 5.3, 
H3,12 = 8.44, p < 0.038), independent of slope. Regarding organic matter, 
slope differences were observed for soils under both species but in 
opposite directions (Table 2; H3,12 = 9.15, p < 0.027). Under A. prolifera 
canopy, organic matter was a half lower in the north than in the south 
slope (Z = 1.96, p = 0.049). In contrast, organic matter was almost once 
greater in the north than in the south slope (Z = 1.96, p = 0.049) in soil 
collected under B. empetrifolia canopy (Table 2). Available K was 3 times 
greater in south than north slope for soils under A. prolifera (Z = 1.96, 
p = 0.049), whilst for soils under B. empetrifolia available K was similar 
between slopes (Z = 1.09, p = 0.275). Exchange Al was similar between 
slopes in soils under A. prolifera (Z = 0.86, p = 0.383), but it was almost 
3 times greater in soils from north than south slopes under 
B. empetrifolia (Z = 1.96, p = 0.049). Al and Ca saturation varied between 
species but were similar between slopes (Table  2). For example, Al 
saturation was on average 15 times greater in soils under B. empetrifolia 

than in soils under A. prolifera (H3,12 = 9.26, p < 0.026). In contrast, Ca 
saturation was on average 26,4% greater in soils under A. prolifera than 
under B. empetrifolia (Table 2, F1,8 = 66.8, p < 0.0001). In the case of K 
Saturation, it was greater in soils from south slope independent of plant 
species (Table 2; H3,12 = 9.36, p < 0.025), with slope differences of 2.6 and 
3.7 times in soils under A. prolifera and B. empetrifolia. Mg saturation 
exhibited similar percentages between slopes for soils under A. prolifera, 
but it was 8.2% greater in north than in south slope in soils under 
B. empetrifolia (Table  2; F1,8 = 10.9, p = 0.011). Similar pattern was 
observed in Fe (Table 2). No differences in Fe were found between slopes 
for soils under A. prolifera, but Fe was 44.2% greater in north than in 
south slope in soils under B. empetrifolia (Table 2; H 1,6 = 3.86, p = 0.049). 
Regarding S available, it was almost 9 times greater in south than in 
north slopes in soils under A. prolifera, but no differences between 
slopes were observed in soils under B. empetrifolia (Table 2; F1,8 = 12.9, 
p = 0.007).

Bacterial abundance and their identity from 
Andean xerophytic formations

Differences in CFU abundance between contrasting slopes 
depended on plant species where soil samples were obtained (H3,20 = 7.91, 
p = 0.048; Figure 3). While abundance in soils collected under Azorella 
prolifera was similar between slopes (Figure 3A; Z = 1.43, p = 0.28), CFU 
were more abundant in soils from north-facing slope when they were 
collected under Berberis empetrifolia canopy (Figure  3B; Z = 0.57, 
p = 0.021).

Slope differences in activity plant 
growth-promoting mechanisms

Of the 19 bacterial isolates present in the soils under the canopies of 
A. prolifera and B. empetrifolia on the north and south slopes, 89.47% 
of the isolates had activity in the production of IAA. Of the 17 isolates 
with activity in the indole acetic acid production mechanism, 52.95% of 
the isolates were from the northern slope and 47.05% were from the 
southern slope. For the ACC deaminase mechanism, 52.6% of the 
isolates had activity corresponding to 10 bacterial isolates, of which 70% 
corresponded to the northern slope and 30% to the southern slope. As 
for nitrogen fixation, 73.6%, corresponding to 14 bacterial isolates, had 
activity for this mechanism, where 64.28% corresponded to the northern 
slope and 35.73% had activity on the southern slope. 89.47% of the 
isolates corresponding to 17 bacterial isolates could solubilize phosphate, 
among the isolates with activity, we detected that 47.05% belonged to 
the northern slope and 52.95% (Supplementary Table S1; 
Supplementary material).The activity of four PGP mechanisms were 
compared between slopes. The hormonal PGP mechanism; Indole acetic 
acid (IAA) is presented in Figure 4. All isolates on the north slope of 
both A. prolifera and B. empetrifolia produced IAA, while on the south 
slope only 80% of the isolates produced this phytohormone. The highest 
value of IAA production was from an isolate from the north slope and 
A. prolifera soil (Supplementary Table S1; Supplementary material). 
When comparing the averages of IAA production on the north and 
south slopes for A. prolifera and B. empetrifolia species, we did not find 
differences between slopes, with averages IAA production of 1.4 μg ml−1 
for A. prolifera (Figure  4A; F1,22 = 16.49, p = 0.9), and 1.6 μg ml−1 for 
B. empetrifolia (Figure 4B; F1,25 = 0,89, p = 0.46).
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The activity of enzymatic PGP mechanisms was on average higher 
in north than south slopes (Figure 5). On the north slope 77.7% of the 
bacterial isolates under the canopies of A. prolifera and B. empetrifolia 
possessed ACC-deaminase enzymatic mechanism activity, whereas, on 
the south slope, only 30% of the bacterial isolates from this slope 
possessed ACC-deaminase activity (Supplementary Table S1; 
Supplementary material). The highest activity of ACC deaminase was 
observed in a bacterial strain isolated from A. prolifera, which was 5 
times higher in soils from north- than south slopes (7.1 vs. 1 μM; 
Figure  5A; F1,7 = 0.8 p = 0.01). In the case of B. empetrifolia, ACC 
deaminase had a similar activity in soils from both slopes (3.39 vs. 
2.42 μM; Figure 5B; F1,8 = 0.04, p = 0. 41).

Among the north slope isolates, bacterial colonies with phosphate 
solubilizing mechanism were 88.8%, while on the south slope it was 90% 
(Supplementary Table S1; Supplementary material). However, the ability 
to solubilize phosphorus was higher on the north slope (H3,20 = 9.66, 
p = 0.022), particularly under the A. prolifera canopy, where, the 
solubilization Phosphorus index was 12% greater for culturable bacteria 

TABLE 2 Chemical characterization of the soils collected under plant canopy of Azorella prolifera and Berberis empetrifolia species growing in contrasting 
slopes.

Chemical properties of the soil

Azorella prolifera Berberis empetrifolia

North-facing South-facing North-facing South-facing

pH (water) 6.4 ± 0.1a 6.3 ± 0.3a 5.3 ± 0.1b 5.3 ± 0.2b

Organic Matter (%) 0.9 ±  0.2a 1.9 ±  0.1bc 2.5 ±  0.2b 1.6 ±  0.1c

N-NO3 (mg kg−1) 2.8 ± 0.4a 2.3 ± 1.5a 4 ± 1.3a 8.4 ± 2.2a

N-NH4 (mg kg−1) 1.8 ± 0.4a 1.3 ± 0.2a 2.7 ± 0.3a 1.7 ± 0.2a

Available Nitrogen (mg kg−1) 4.6 ± 0.1a 3.6 ± 1.6a 6.7 ± 1.3a 10.1 ± 2.4a

Olsen P (mg kg−1) 4.3 ± 1.7a 3.9 ± 0.5a 4.3 ± 1.1a 3.9 ± 0.2a

Available K (mg kg−1) 53.5 ± 20.9a 162 ± 3.6b 150 ± 25.8bc 97.9 ± 18.6c

Exchangeable K (cmol kg−1) 0.2 ± 0.03a 0.4 ± 0.01a 0.4 ± 0.1a 0.3 ±  0.1a

Exchangeable Ca (cmol kg−1) 14.6 ± 2.7a 12.2 ± 3.4a 9.5 ± 3.4a 1.2 ± 0.2a

Exchangeable Mg (cmol kg−1) 1.4 ± 0.4a 1.2 ± 0.5a 3 ± 1.3a 0.3 ± 0.05a

Exchangeable Na (cmol kg−1) 0.06 ± 0.02a 0.03 ± 0.01a 0.04 ± 0.003a 0.02 ± 0.003a

Sum of bases (cmol kg−1) 16.3 ± 2.8a 13.8 ± 3.7a 12.9 ± 4.8a 1.8 ± 0.3a

Exchange Al (cmol kg−1) 0.1 ± 0.1ac 0.08 ± 0.05a 1.4 ± 0.3b 0.5 ± 0.1c

CEC (cmol kg−1) 16.5 ± 2.7a 13.9 ± 3.6a 14.4 ± 5a 2.2 ± 0.4a

Al saturation (%) 1.1 ± 0.8a 1 ± 0.8a 10.9 ± 2.4b 20.9 ± 3.8b

K saturation (%) 1.4 ± 0.1a 3.6 ± 1.15b 3 ± 0.5b 11.2 ± 0.2c

Ca saturation (%) 88 ± 3.6a 85.8 ± 3.8a 66 ± 1.2b 55 ± 3.5b

Mg saturation (%) 9.1 ± 2.6a 9.3 ± 2.4a 19.7 ± 1.5b 11.5 ± 0.5a

Available S (mg kg−1) 1 ± 0.5a 8.8 ± 1.4b 1.9 ± 0.4a 4 ± 0.6a

Fe (mg kg−1) 8.2 ± 1.4a 15.3 ± 5.1a 18.3 ± 2.3a 10.2 ± 0.3b

Mn (mg kg−1) 1.8 ± 0.3a 3.5 ± 0.1a 2.6 ± 1.1a 1.5 ± 0.5a

Zn (mg kg−1) 0.2 ± 0.03a 0 ± 0a 0.1 ± 0a 0.2 ± 0.03a

Cu (mg kg−1) 0.6 ± 0.1a 1.3 ± 0.4a 0.7 ± 0.1a 0.4 ± 0a

B (mg kg−1) 0.1 ± 0.03a 0.2 ± 0.03a 0.1 ± 0a 0.1 ± 0.03a

Values correspond to average ± SE (n = 3). Different lower-case letters indicate significant differences (p < 0.05).

A B

FIGURE 3

Bacterial abundance calculated in Log CFU g−1 for A. prolifera (A) and B. 
empetrifolia (B) soil. Values indicate average ± SE (n = 3). Letters indicate 
significant differences between slopes (Wilcoxon test, p > 0.05).
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obtained in soils under from north than from south slope (Figure 5C; 
Z = 1.7, p = 0.01). In contrast, solubilization P index was similar between 
slopes for bacteria obtained from soil under B. empetrifolia (1,31 vs. 
1,31; Figure 5D; Z = 0.21, p = 0.87).

Nitrogenase enzyme activity on the north slope occurred for all 
isolates, both for soils under A. prolifera canopy and B. empetrifolia soils. 
On the southern slope, on the other hand, nitrogenase activity only 
occurred for half of the bacterial isolates (Supplementary Table S1; 
Supplementary material). A greater nitrogenase activity was observed 
in bacteria obtained from north slope soils independent of plant species 
(Figures 5E,F). For example, for bacteria isolated from A. prolifera soils, 
ethylene production averaged 396 nmoles C₂H₄ d−1vial−1 on the south 
slope, whilst on the north slope it was 1,109 nmoles C₂H₄ d−1vial−1 
(Figure  5E; F1,25 = 0.95, p = 0.007). For bacteria isolated from 
B. empetrifolia soils, the nitrogenase activity was 3.3 times greater in the 
north than in the south slope (Figure 5F; F1,25 = 3.5, p = 0.001).

Molecular identification of bacterial strains

Randomly selected bacterial strains used to determine species 
identity of colonies and correspond to five genus and six species 
(Table 3). Regarding phylogenetic tree, four clades were identified and 
correspond with genus detected (Figure 6). Only two bacterial strains 
were assigned to the same species (2HBER4 and 4SBER4) and would 
correspond to Pseudomonas atacamensis. These bacterial strains where 
isolated from B. empetrifolia. Five bacterial strains were assigned to 
species belonging to the genera Pseudarthrobacter and Arthrobacter, 
detecting only almost identical (2SAZO6 and 6SAZO5) both from 
under A. prolifera on the south slope. The other two entities are made 
up of single species, respectively.

Discussion

This work quantified the abundance and activity of bacteria present 
in the south-central zone of the Andes Mountains. In addition, 
we observed how environmental variability in water availability, thermal 
oscillation, and plant identity impacted the different indicators 

evaluated. An important finding in the present investigation was that a 
higher abundance and enzyme activity was observed on the drier slope 
compared to the southern slope. In addition, two of the three enzymatic 
mechanisms showed differences between slopes, but only for bacteria 
associated with Azorella prolifera, not for Berberis empetrifolia. Thus, 
species identity is key when exploring the beneficial potential of plant 
growth-promoting bacteria in alpine systems.

First, the ranges obtained for bacterial abundance seem to coincide 
with the literature. For example, works such as those of Sinegani and 
Younessi (2017) have obtained ranges close to 3 Log CFU g−1 for 
contaminated sites, and values between 6.3 and 8.3 Log CFU g−1 for 
pastures and agricultural systems, the most common being close to 6 
Log CFU g−1. Kieft et al. (1993) have obtained ranges between 2 and 6.7 
Log CFU g−1 for soils of natural arid systems in the United States. In 
relation to the activity of PGPBs from Andean xerophytic formations 
reached low levels compared to those reported for agricultural systems. 
For example, our PGPBs produced indole acetic acid in a range of 
1.4 μg ml−1 to 1.7 μg ml−1, whilst in agricultural systems IAA productions 
fluctuate between 8.5 μg ml−1 and 69.7 μg ml−1 (Herlina et al., 2017). 
Likewise, while phosphate solubilization in agricultural systems 
fluctuates between 4 and 5 (Schoebitz et al., 2013; Pande et al., 2017), in 
our Andean xerophytic system it did not exceed 1.5. While the highest 
nitrogenase enzyme activity in our assay was 1.4 μmol C₂H₄ d−1vial−1, 
assays with industrial bacteria ranged between 6 and 108 μmol C₂H₄ d−1 
vial−1 (Li et al., 2017). Most studies evaluating the potential benefits of 
PGPBs are conducted in agricultural systems, with bacteria that have 
been optimized for years, so the low enzyme activity observed in 
bacteria from natural systems is not surprising. Interestingly, this pattern 
changes when we compare our results with the plant growth-promoting 
activity of bacteria from natural systems. For example, Kadioglu et al. 
(2018), isolated cold-tolerant bacteria with ACC deaminase activity 
from different native alpine plants in Erzurum (between 1,760 and 
2,720 m above sea level). The activity of these bacteria ranged from 0.9 
to 1.2 μM α-ketobutyrate, almost six times less than the activity obtained 
in our study. Most studies on the abundance and activity of PGPBs in 
alpine systems are generally from the Himalayas, where the bacteria 
interact with cultivated plants and in highly degraded soils (e.g., Majeed 
et al., 2018; Kumar et al., 2019). The level of disturbance in a system is 
also known to affect PGPB activity (Bergottini et al., 2015). This makes 
it difficult to draw comparisons that evidence the potential of the 
findings embodied in this study.

Bacterial abundance and growth-promoting 
mechanisms related to slopes

We observed that bacterial abundance and enzyme activity was 
higher on the north than on the south slope. The climatic conditions 
could be behind this trend. Generally, the north slope tends to be drier 
and warmer than the south slope, as previously described for its 
equatorially oriented slopes (Scherrer and Körner, 2011). In addition, 
more intense and frequent heat and freezing events occurred on the 
north slope (Table 1), with greater intra-seasonal thermal fluctuations 
than on the south slope. This means that plant-PGPB interactions 
should be more likely to be found on the north slope, and the benefits, 
represented as the activity of PGP mechanisms, should be greater on this 
“hard” slope.

Regarding the influence of each environmental factor on bacterial 
abundance, what might contribute to the differences observed on the 

A B

FIGURE 4

Indoleacetic acid (IAA) production of bacteria isolated from 2 species of 
Andean xerophytic formations on contrasting slopes: Azorella prolifera 
(A) and Berberis empetrifolia (B). For each species, north slope is 
shown in green and south slope in light blue. Values indicate 
average ±SE. Equal letters indicate no differences (p > 0.05).
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north slope. Studies have described the influence of each environmental 
factor independently, such as temperature (Chen et  al., 2015), soil 
moisture (Naylor and Coleman-Derr, 2018), and soil chemical properties 
(Ai et al., 2020). For example, increasing temperature favors bacterial 
abundance, especially in cold regions (Chen et  al., 2015). As for soil 
moisture, it affects in a more dynamic and integrated way, because it 
affects soil chemical properties and plant performance (Naylor and 
Coleman-Derr, 2018), which in turn affects bacteria. However, the identity 
and adaptations of bacteria determine whether they will survive and grow 

under extreme conditions (Pérez-Jaramillo et al., 2018). Furthermore, 
their response will depend on how stable the communities they compose 
are; stable bacterial communities do not change in drier soils (Stres et al., 
2008). A clear example is a work of Chodak et al. (2015), who evaluated 
the response of drought-adapted bacteria that were subsequently rewetted, 
resulting in a stress-related decrease in gram-negative bacteria and an 
increase in gram-positive bacteria. Although the higher bacterial 
abundance observed on the north-facing slope responded to climatic 
factors, we believe that the response of bacterial abundance depends also 

A B

C D

E F

FIGURE 5

Enzymatic plant growth promoting mechanisms of bacteria isolated from 2 species of Andean xerophytic formations on contrasting slopes. For all 
mechanisms the columns were divided by species: A. prolifera on the left and B. empetrifolia on the rights. For each species the slopes are indicated with 
colors: green for the north slope and light blue for the south slope. ACC deaminase enzyme activity (A,B) are presented as μM of α-ketobutyrate. Phosphate 
solubilization (C,D) is presented as Index P. Nitrogen fixation (E,F) is given as nmoles C₂H₄ d−1 vial−1. Values indicate average ± SE. Different letters above error 
bars indicate significant differences between slopes (T test or nonparametric equivalent, p < 0.05).
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on the characteristics of the bacteria (i.e., adaptations and identity), their 
community and the plants with which they interact.

The identity of the most abundant and active bacteria coincides 
with that reported for other systems with extreme conditions. All 
bacterial genera identified in this study have been identified in 
climatically limiting environments such as the Himalayas (e.g., 
Pseudomonas, Selvakumar et al., 2008; Rhodococcus, Ruberto et al., 
2005; Leifsonia, Reddy et al., 2008), the Andes mountain range (e.g., 
Pseudomonas Viruel et al., 2011; Vega-Celedón et al., 2021), Antarctica 
(e.g., Arthrobacter, Dsouza et al., 2015; Pseudarthrobacter; Shin et al., 
2020; Leifsonia, Ganzert et al., 2011), as well as in extremely dry regions 
(e.g., Pseudoarthrobacter isolated from African deserts, Buckley et al., 
2019). In terms of their activity, the detected genera have been 
characterized as PGPB. For example, the production of IAA by bacteria 
of the genus Leifsonia (Kang et  al., 2016), or the ACC deaminase, 
phosphatase, and nitrogenase activity of Pseudomonas (Georgieva 
et al., 2018; Adhikari et al., 2021; Vega-Celedón et al., 2021), or bacteria 
of the genera Arthrobacter and Pseudoarthrobacter that have been 
reported with multiple growth-promoting activities (Lahsini et  al., 
2022). It is believed that the climatic limitations of our study area 
favored a select group of PGPB that possess adaptations that allow 

them to survive and grow in conditions that for other bacterial groups 
would be lethal.

The influence of climatic variability concerning temperature and 
water availability on the enzyme activity of PGPB has been limitedly 
studied. For example, for ACC deaminase enzyme activity, we know that 
it is an enzyme characteristic of saline and drought-exposed soils (Glick, 
2004; Brockett et  al., 2012). In general, both the number of ACC 
deaminase isolates, and their activity were higher on the north slope 
than on the south slope, which was much less active. Considering our 
results, it could be intuited that in more extreme environments there 
could be a higher activity of this enzyme. The phosphatase activity has 
been detected in psychrotolerant bacteria, which also solubilize 
phosphate under low-temperature conditions [e.g., Pseudomonas spp. 
isolated from Hilamaya, Adhikari et al. (2021)]. Our studied bacteria 
likely possess the same qualities, but studies are lacking to understand 
the influence of temperature on phosphate solubilization of our isolates. 
About nitrogen fixation, which is also higher on the north slope, 
we know that nitrogenase enzyme activity is favored in humid and cold 
south conditions (Rousk et al., 2018). However, our results showed that 
nitrogenase enzyme activity was higher on the drier and more 
temperature fluctuating north slope. Probably, a specific group of 

TABLE 3 Bacterial sequences obtained for 9 of the most abundant colonies isolated from soil under plant xerophytics species in the Nevados de Chillán 
Volcano Complex. See Materials and Methods for details.

ID
Plant species 
origin

Slope Colony
Top-hit taxon in 
EzBioCloud 16S database

Similarity (%) in 
EzBioCloud 16S 

database

GenBank 
accession 
number

1SBER5 Berberis empetrifolia South 5 Arthrobacter oryzae/A. pascens 99,37/99,21 OP776725

2HBER4 Berberis empetrifolia North 4 Pseudomonas atacamensis 99,86 OP776726

2HBER10 Berberis empetrifolia North 10 Rhodococcus qingshengii 99,44 OP776727

2SAZO6 Azorella prolifera South 6 Arthrobacter globiformis/

Pseudarthrobacter scleromae

99,53/99,52 OP776728

3HBER9 Berberis empetrifolia North 9 Leifsonia soli 99,85 OP776729

4HAZO6 Azorella prolifera North 6 Arthrobacter oryzae/A. pascens 99,85/99,85 OP776730

4HBER2 Berberis empetrifolia North 2 Pseudarthrobacter sulfonivorans/

Arthrobacter ginsengisoli/A. pascens

98,98/98,71/98,71 OP776731

4SBER4 Berberis empetrifolia South 4 Pseudomonas atacamensis 99,85 OP776732

6SAZO5 Azorella prolifera South 5 Arthrobacter oryzae/A. pascens 98,99/98.84 OP776733

FIGURE 6

Phylogenetic tree based on sequences of the 16S genes (790 bp amplicon size) of 9 bacterial isolates obtained from A. prolifera and B. empetrifolia species 
from the north and south slopes of the Nevados de Chillán volcanic complex. 2HBER4, 2HBER10, 4HBER2, 3HBER9 correspond to isolates of the species B. 
empetrifolia on the south slope. 4SBER4, 1SBER5 correspond to isolates of the specie B. empetrifolia on the north slope. 4HAZO6 correspond to isolates of 
the specie A. prolifera on the south slope. 2SAZO6, and 6SAZO5 correspond to isolates of the species A. prolifera on north slope.
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nitrogen-fixing bacteria adapted to such microclimatic conditions 
prevails on the north slope. The exposure of the slope favored the 
activity of the three enzymatic mechanisms on the north slope. However, 
it was not enough to create differences between the two species, so 
we believe that plant identity played a key role in our results.

Bacterial abundance and growth-promoting 
mechanisms related to species identity

Bacterial abundance was influenced by slope exposure, and 
unexpectedly by species identity. Initially, we thought that trends in 
abundance and activity should respond only to slope exposure and 
should coincide for the two species since both were present under the 
same temperature and moisture conditions. By looking at the chemical 
properties of the soil, there were noticeable differences between species. 
A clear example was the alteration of pH by plant identity, which 
exacerbated the differences in bacterial abundance only in B. empetrifolia 
soils. Soils of B. empetrifolia and A. prolifera had differences in pH, with 
the former being more acidic. Soil pH is usually altered by root exudates 
of plant identity (Youssef and Chino, 1989). However, studies that have 
evaluated bacterial abundance as a function of pH claim that increasing 
pH should increase bacterial abundance (Rousk et al., 2018). On the 
other hand, research such as that of Yang et al. (2019), conducted in 
alpine systems disturbed by agricultural activity, mentions that the 
abundance of groups such as Actinobacteria (e.g., Rhodococcus 
associated with B. empetrifolia on the North Slope) is not influenced by 
changes in pH (Yang et al., 2019). While we believe that the combination 
of slope exposure coupled with pH changes in B. empetrifolia soils 
benefited the bacterial abundance of a group of microorganisms, studies 
are lacking to secure these insights.

Linking plant identity and associated abundant bacteria. We found 
that for the genus Azorella, it is the first time that bacteria of the genus 
Pseudoarthrobacter are detected. Previously, works such as those of 
Rodríguez-Echeverría et al. (2021) had detected abundant phyla such as 
actinobacteria for A. compacta and A. madreporica. However, among the 
bacteria identified, no actinobacteria were reported for A. prolifera. 
Vega-Celedón et al. (2021) had previously detected bacteria of the genus 
Arthrobacter associated with B. microphylla in Patagonia. Genera such 
as Pseudomonas, Rhodococcus, and Leifsonia had not been previously 
detected, so this is the first record in this regard.

In this study, plant identity influenced two of the three evaluated 
mechanisms of PGPB. Interestingly, bacterial isolates present on the north 
slope under the A. prolifera plant canopies differed in activity for two of 
the four mechanisms evaluated between the north and south slopes. At 
the same time, these bacterial isolates were the only ones that presented 
activity in all the hormonal and enzymatic mechanisms evaluated 
(Supplementary Table S1; Supplementary material). Phosphatase activity 
was high in soils under the A. prolifera canopy, which in parallel exhibited 
the lowest percentage of organic matter on the north slope. Coincidentally, 
Alemneh et al. (2022) reported a negative correlation between phosphate 
solubilization and soil carbon, which explains our results. Concerning 
ACC deaminase enzyme activity, we believe that it is not linked to soil 
chemical properties and is related to the plant in a more complex way. 
We know that the plant through its root exudates modifies its microbiome 
benefiting one group of microorganisms over others for its benefit (Glick 
et al., 2007). A. prolifera was likely more stressed than B. empetrifolia on 
the north slope, and for this reason, we only had differences in ACC 
deaminase activity for one species. As for nitrogenase enzyme activity, 

this was higher on the north slope for both species, so we believe that at 
least this mechanism is not influenced by species identity. Our results 
evidence a notorious relationship between plants and PGPB activity, 
where interactions do not seem to occur randomly.

The combination of slope exposure and plant identity evidenced a 
clear influence on PGPB enzyme activity, where the harshness of the 
alpine system favored PGPB and its benefits when conditions became 
more extreme on the north slope. Studies indicate that stressed plants 
modify their root exudates, altering their soil microbiome and favoring 
the presence of PGPB (Li et al., 2020; Glick and Gamalero, 2021; Chen 
et al., 2022). The composition of root exudates depends on soil chemical 
properties, plant genotype, and plant age (Vives-Peris et  al., 2018). 
Perhaps, climatically limiting conditions “enhanced” A. prolifera root 
exudation, increasing the activity of PGPBs. Further studies need to 
consider plant responses by incorporating root exudates among 
predictors of bacterial abundance and activity.

Conclusion

Our work brings us closer to understanding what factors affect the 
abundance and activity of PGPB in hard systems such as those present 
in our system. Before our research, studies related to PGPB present in 
the soils of the Andes Mountains had evidenced their great 
biotechnological potential and their novelty for the detection of new 
species, in areas such as the Atacama Desert and the altiplano, with 
preliminary characterizations. The present work enriches the existing 
information related to the presence of PGPB from alpine systems in 
regions that had not been previously explored.

Our work showed how the environmental heterogeneity of the alpine 
systems, given by the contrasting slopes and its thermal and moisture 
oscillations, added to the identity of the species, generating variations in 
the abundance and plant growth promoting activity of the 
microorganisms present under the plant canopy of the xerophytic 
formations. It would be interesting to determine how and to what extent 
each factor contributes to the benefit provided by PGPBs. We believe that 
incorporating the influence of factors such as plant condition, plant 
identity, and microclimatic variations on changes in PGPB abundance 
and activity would highlight the importance of these interactions that do 
not occur randomly, especially when conditions become more extreme.
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Plants may interact with soil bacteria that promote their survival 
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harsh climatic conditions. Plants that live in alpine systems have to 
be able to cope with harsh climatic conditions such as temperature 
extremes. Likely, plant-bacteria interactions are behind of plant 
strategies through they can grow in alpine systems. However, these 
interactions are poorly known. One of the southernmost xerophytic 
formations is in the Andes of central-southern Chile. In this system, 
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plants are exposed to drought and extreme temperatures during the 
growing season, being harsher on equatorial than polar slopes. Thus, 
we compared the abundance and activity of PGPB under two plant 
species canopy that live in contrasting slopes. We found that bacterial 
abundance and enzymatic activity of PGPB was higher on the driest 
and with greatest thermal oscillation slope. Unexpectedly, we  also 
found that abundance and activity of bacteria depended on plant 
identity. We believe that microclimatic conditions such as humidity, 
temperature, soil nutrients, and plant identity explain our findings, 
which are not random, especially when conditions become 
more extreme.
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Culturable and unculturable 
potential heterotrophic 
microbiological threats to the 
oldest pyramids of the Memphis 
necropolis, Egypt
Samah Mohamed Rizk 1*†, Mahmoud Magdy 1*†, Filomena De Leo 2, 
Olaf Werner 3, Mohamed Abdel-Salam Rashed 1, Rosa M. Ros 3 and 
Clara Urzì 2

1 Genetics Department, Faculty of Agriculture, Ain Shams University, Cairo, Egypt, 2 Department of 
Chemical, Biological, Pharmaceutical, and Environmental Sciences, University of Messina, Messina, Italy, 
3 Department of Plant Biology, Faculty of Biology, Murcia University, Murcia, Spain

A large percentage of the world’s tangible cultural heritage is made from stone; 
thus, it deteriorates due to physical, chemical, and/or biological factors. The 
current study explored the microbial community inhabiting two prehistoric 
sites with high cultural value in the Memphis necropolis of Egypt (Djoser and 
Lahun Pyramids) using amplicon-based metabarcoding and culture-dependent 
isolation methods. Samples were examined by epifluorescent microscopy for 
biological signs before environmental DNA extraction and in vitro cultivation. 
The metabarcoding analysis identified 644 bacterial species (452 genera) using 
the 16S rRNA and 204 fungal species (146 genera) using ITS. In comparison with 
the isolation approach, an additional 28 bacterial species (13 genera) and 34 
fungal species (20 genera) were identified. A total of 19 bacterial and 16 fungal 
species were exclusively culture-dependent, while 92 bacterial and 122 fungal 
species were culture-independent. The most abundant stone-inhabiting bacteria 
in the current study were Blastococcus aggregatus, Blastococcus saxobsidens, 
and Blastococcus sp., among others. The most abundant rock-inhabiting fungi 
were Knufia karalitana and Pseudotaeniolina globosa, besides abundant unknown 
Sporormiaceae species. Based on previous reports, microorganisms associated 
with biodeterioration were detected on color-altered sites at both pyramids. These 
microorganisms are potentially dangerous as physical and chemical deterioration 
factors and require proper conservation plans from a microbiological perspective.

KEYWORDS

tangible monuments, cultural heritage, microbial genomics, microbial isolation, 

biodeterioration, rock-inhabiting fungi, stone-inhabiting bacteria

1. Introduction

Tracks of human history and past civilizations are presently witnessed in archeological sites 
and stone monuments, which are considered an invaluable cultural heritage worldwide. A large 
percentage of the world’s tangible cultural heritage is made from stone. However, it is slowly but 
irreversibly disappearing by transforming stone into sand and soil as a part of the natural 
recycling process, which is essential to sustain life on Earth (Allsopp et al., 2004; Gadd, 2017). 
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Thus, the deterioration of stone monuments represents a permanent 
loss of our cultural heritage.

The biodeterioration of stone is a complex process that involves 
biological, chemical, and environmental factors (Griffin et al., 1991; 
Nuhoglu et  al., 2006). Although stone materials differ, their 
biodeterioration mechanisms are common, such as discoloration and 
biofilm formation (Gaylarde et al., 2012b; Martino, 2016), acid corrosion 
by organic and inorganic compounds (Sand and Bock, 1991; Gu et al., 
2011), secondary mineral formation and crystallization redox reactions 
of cations (Warscheid and Braams, 2000), biological or chemical 
contaminants, and physical penetration by microbes (Gaylarde et al., 
2006). Black crusts and dark discolorations are common symptoms of 
deterioration caused by microbes while biopitting, cracks, fissures, and 
exfoliation cause the rock’s surface to appear darker and blackish brown 
(Gorbushina et al., 1993; Diakumaku et al., 1995; Cappitelli et al., 2007). 
Melanin-producing microbes are responsible for the esthetic changes 
that give rocks their dark brown color (Gorbushina, 2007; Sert et al., 
2007). Biodeterioration as a term that is often used to describe any 
damage to any stone or other objects caused by microorganisms 
regardless of the climatic conditions or erosion factors (Urzi, 2004; 
Trovão et al., 2019) with much attention given to cultural heritage stone 
structures (Warscheid and Braams, 2000; Gorbushina et  al., 2004; 
Scheerer et al., 2009; Hermosin et al., 2018).

Despite the harsh conditions resulting from low water availability 
and nutrient concentration, stone surfaces represent a complex 
ecosystem of several microhabitats, enabling a diverse range of 
microorganisms to proliferate (Urzi et  al., 2001). The microbiota 
reported from such complex ecosystems includes algae, fungi 
(including lichens), cyanobacteria, and other bacteria of various 
phylogenetic affiliations (Urzì et al., 2000; Lindahl et al., 2013; Piñar 
et al., 2019). The inhabiting microorganisms may be chasmolithic, 
epilithic, or endolithic (Gadd et  al., 2007; Fry, 2014). Such 
microorganisms have been reported worldwide, including the 
Antarctic and regions of extreme dryness and high solar irradiation 
(Onofri et al., 2004); they live between the limit of adaptability and 
near death while barely surviving and rarely reproducing (Friedmann 
and Weed, 1987).

Previously, in Egyptian monuments, an environmental 
extremotolerant genotype of the black yeast Hortaea werneckii GPS5 
was isolated from a stone surface in the Great Pyramid of Giza’s royal 
corridor (King Khufu’s pyramid; Rizk and Magdy, 2022). Three 
xerophilic fungi, namely Aspergillus amstelodami, Aspergillus 
chevalieri, and Aspergillus repens, and six non-xerophilic species 
Alternaria alternata, Aspergillus terreus, Cladosporium herbarum, and 
Penicillium chrysogenum were isolated from Al-Shatby and 
El-Anfoushi archeological tombs in the Alexandria governorate 
(Alexandria city), respectively (Afifi and Geweely, 2011). Fungal 
damage (e.g., decayed wood, contaminated bones, and black spots on 
mud objects) was observed in Tuna El-Gabel’s excavations near 
Al-Minya city, where different organic and inorganic materials 
belonging to the Ptolemaic era were found (Mansour and Ahmed, 
2012). The identified fungal isolates were A, alternata, Aspergillus 
flavus, Aspergillus niger, Bipolaris sorokiniana, Dichotomopilus indicus, 
Fusarium fujikuroi, and Rhizopus ehrenb.

Aspergillus niger and A, terreus were the most common and 
dominant fungal deteriogens, followed by Aspergillus fumigatus, 
Cladosporium cladosporioides, and C, herbarum in Seti Ι tomb (Abydos 
city), Senusret Ι obelisk (Fayoum city), Great pyramid complex (Giza 

city), Mosque of judge Abd El-Basset (Cairo city), and Museum of 
Ismailia Antiquities (Ismailia City) where fungal biodeterioration 
signs were uncovered (e.g., black spots; Mohamed and Eid Ibrahim, 
2018). Brown spots on the famous Tutankhamun’s tomb walls were 
investigated for possible microbial origin (Vasanthakumar et  al., 
2013). Those authors found that fungal communities were composed 
primarily of Genera Penicillium, whereas the abundant bacterial taxa 
were members of the Firmicutes, Actinobacteria, and Bacteroidetes 
phyla. Actinobacteria demonstrated a great taxonomic diversity on 
stone surfaces. Despite the predominance of isolates of the genus 
Streptomyces, members of the genera Geodermatophilus and 
Rhodococcus were also reported (Groth et al., 1999). In addition to 
Streptomyces and Nocardia, Micromonospora species were also isolated 
from ancient stones from a tomb site in Tell Basta (Zagazig city, Egypt 
(Abdulla et al., 2008)).

Previously, culture-dependent (traditional isolation methods) were 
used to identify the organisms associated with the discoloration and 
degradation of historic buildings. By using this method, inactive forms 
and unculturable species are not considered, while active conditions 
are detected; thus, only a small fraction of the total diversity of 
microbes can be detected (Urzì et al., 2000, 2010; Urzi, 2004; de Los 
Ríos and Ascaso, 2005). Microbial biodiversity in sandstone surfaces 
was further investigated using next-generation sequencing (NGS) for 
profiling microbial populations in biodeterioration cultural heritage 
studies, which can provide a solution to the limitations imposed by the 
culture-dependent method (Gaylarde et al., 2012a; Ogawa et al., 2017; 
Soliman and Magdy, 2018; Trovão et al., 2019; Skipper et al., 2022).

The current study’s general objective was to reveal part of the 
microbial diversity inhabiting two prehistoric sites in the Memphis 
necropolis of Egypt (Djoser and Lahun Pyramids) with high cultural 
values exposed to harsh and arid environmental conditions. The 
specific aims were the following: (i) to explore the nature, richness, 
and diversity of the bacterial and fungal microbiota inhabiting Djoser 
and Lahun Pyramids, (ii) to check if extremotolerant species with 
potential biodeterioration effects are present, and (iii) to compare the 
effectiveness of the amplicon-based metabarcoding analysis and 
traditional isolation methods to detect biodeterioration-associated 
microbes of the studied pyramids.

2. Materials and methods

2.1. Archeological sites

Geographically, the sampling area is generally characterized by 
light, warm, dry sandy soil that tends to be acidic with low nutrients 
(Mahmoud et al., 2015) and with an arid climate characterized by high 
UV exposure and day temperature that drop drastically during the 
night (The Egyptian Meteorological Authority, http://ema.gov.eg/
wp/). Two pyramids were chosen for this study; they are among the 
oldest and largest ones in the Memphis necropolis of ancient Egypt. 
Deterioration was observed in many parts of both pyramidal 
complexes in the form of dark spots, coloration, and brittle rocks.

The pyramid of Djoser (DP), also known as the “Step Pyramid,” is 
an archeological remain in the Saqqara district in Memphis necropolis, 
located in the northern part of the Nile Valley, northwest of the city of 
Memphis, situated at 29°52′10.17”N and 31°13′8.70″E in Giza 
governorate, Egypt The building was constructed during the 27th 
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century B.C. (3rd dynasty) of limestone by Imhotep, King Djoser’s 
vizier (Mark, 2016). In an enormous courtyard surrounded by 
ceremonial structures and decorations, it is the focal point of a vast 
mortuary complex (Shaw, 2003). It is considered the first Egyptian 
pyramid and is known as the world’s oldest structure, built entirely of 
stone (Hawkes, 1974). The Pyramid of Lahun (commonly spelled 
Al-Lāhūn; LP), also known as the “Senusret II Pyramid” or the 
“Mud-pyramid,” is located on the west bank of the Nile valley near the 
opening of the Hawara Channel from the Nile Valley into the Fayum 
basin situated at 29°14′0″N and 30°58′0″E. The construction of the 
pyramid is believed to have been constructed by the pharaoh Senusret 
II ~ 2,000 BC (12th dynasty) and is considered the first large mudbrick 
Pyramid with a yellow limestone core. It was once covered entirely by 
white limestone (Redford, 2005). The wall had been encased in 
limestone that was decorated with niches, perhaps as a copy of Djoser’s 
complex at Saqqara; although it is still impressively large, A natural 
outcrop of the pyramid can be seen now in its ruinous condition of 
the yellow limestone core can be seen protruding from the rubble of 
the mudbrick fill in some places (Eugene Cruz-Uribe, 2010).

2.2. Sampling

Six samples per pyramid were collected around the archeological 
sites (Table 1; Figure 1); no special permission was required, as the 
sampling area is a free-walking zone, and the sampling was performed 
using a non-destructive method. Samples were collected using a 
sterilized scalpel and brush. Soft scratches of the brittle rock 
formations and sandy soil from the stone structures’ that showed 
different biodeterioration types, such as biopitting, and black crusts or 
spots in samples (DP1, DP2, DP5 and DP6; LP3, LP4, LP5 and LP6). 
Erosion and mild color alteration, mostly gray to brown, as observed 
in samples (DP4, LP1 and LP2). The samples were placed into 50 mL 
Falcon tubes and preserved in sterile bags for further analysis. A 
portion of ~1 g was aliquoted from each sample and preserved in 
−20°C for the amplicon-based metabarcoding analysis.

2.3. Sample preparation and 
epifluorescence examination

Each sample was powdered in a mortar, and ~1 g was suspended 
(1,10) in a physiological solution (i.e., isotonic solution: 0.9% NaCl) 
with the addition of 0.001% Tween 80 and continuously agitated for 
1 h at 30°C to facilitate a better separation and distribution of 
microorganisms living in/on the rock material (Urzi et  al., 2001). 
Epifluorescent microscope examination was performed using a drop 
of sample suspension prepared at the previous step and a drop of 0.1% 
(w/v) of Acridine Orange solution. Direct observations of samples 
were carried out using a light/epifluorescent Leica DMR microscope 
equipped with a 50 W mercury lamp and a 450–490 nm excitation filter.

2.4. DNA extraction and metabarcoding 
analysis

Total environmental DNA (eDNA) was extracted directly from 
0.25 g of each sample using the PowerSoil DNA Isolation Kit (MO BIO 

Laboratories Inc., CA, USA) and quantified using a Qubit fluorometer 
and the Qubit BR assay kit (Invitrogen, Life Technologies, USA). Due 
to the low concentration of the obtained eDNA from the current 
Material, for each pyramid, samples were bulked into two sets 
(including three field-collected samples each) to reach the minimum 
concentration level required for the metabarcoding library 
construction (Supplementary Tables S1, S2).

For the bacteria, the V3-V4 region rRNA of the bacterial 16S 
RNA gene was amplified using primers 338F (5′-ACT CCT ACG 
GG AGG CAG CAG-3′) and 806R (5′-GGA CTA CHV GGG TWT 
CTA AT-3′; Caporaso et al., 2010). For the fungi, the ITS1 of the 
nuclear ribosomal RNA genes was amplified using primers ITS1F 
(5’-TCC GTA GGT GAA CCT GCG G-3′) and ITS2R (5’-GCT 
GCG TTC TTC ATC GAT GC-3′) as recommended for the Miseq 
analysis (Blaalid et al., 2013). Four independent PCR assays were 
performed for each bulked DNA sample under the following 
conditions: a 20 μL PCR reaction using TransStart FastPfu DNA 
Polymerase mixture contained 4 μL of 5× FastPfu Buffer, 2 μL of 
2.5 mM (each) dNTPs, 0.8 μL of 5 μM Bar-PCR primer F, 0.8 μL of 
5 μM primer R, 0.4 μL of FastPfu polymerase, 0.2 μL of BSA and 
10 ng of genomic DNA. PCR amplification was conducted in an 
ABI GeneAmp 9,700 thermocycler (IET, USA) under the following 
conditions: 98°C for 3 min, 27 cycles of 10 s at 98°C, 60°C for 30 s, 
and 72°C for 45 s, followed by 7 min at 72°C. PCR products were 
examined by 2% agarose gel electrophoresis and purified using 
Agencourt AMPure XP beads (Beckman, USA) and were 
sequenced by Illumina (MiSeq, PE 2 × 300 bp mode), following 
Illumina instructions. Using FLASH (Magoc and Salzberg, 2011) 
and Trimmomatic (Bolger et al., 2014), the pair-end reads were 
trimmed at any sites receiving an average quality score below 20 
over a 50 bp sliding window, while reads shorter than 50 bp were 
discarded. The pair ends were merged with a minimum overlap 
length of 10 (0.2 maximum mismatch ratio). Barcodes and primer 
sequences at both ends were used to obtain valid sequences per 
sample, with 0 and 2 allowed mismatches, respectively.

TABLE 1 Nature and location description of the collected samples in Djoser 
(DP) and Lahun (LP) pyramids; sample codes are the same as in Figure 1.

Code Nature and location of samples in pyramids

DP1 Scratch from the entrance tablet of an unidentified tomb near Mastaba 

“Khenut”

DP2 Scratch from the false door of the Mastaba “Khenut” southwest corner

DP3 Sand covers from Mastaba “Mehu” entrance

DP4 Sand covers the feet of four statues found in the “Heb-Sed” court

DP5 Brittle rock precipitations of the western Massifs on the pyramid’s left 

side

DP6 Sand cover from the entrance ground

LP1 Sandy soil on the surface of the mud-rocks from the top of the pyramid

LP2 Sandy soil on the surface of the rocks from the south-eastern 

limestone stump

LP3 Soil from the queen’s pyramid remains

LP4 Scratch of altered rock surface at the entrance shaft

LP5 Scratch of altered rock surface corridor to the burial chamber

LP6 Scratch of altered rock surface at the ceiling of the ventilation room
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The metabarcoding analysis was performed using the online 
Majorbio Cloud Platform.1 The operational taxonomic units (OTUs) 
were retrieved as follows: sequences with a single occurrence were 
discarded, and the remaining sequences were dereplicated and tested 
for chimeric sequences and artifacts using the UPARSE software 
(version 7.1 http://drive5.com/uparse/) at OTU sequence similarity of 
0.97. The retained representative sequences were classified using the 
RDP Classifier2 and mapped against the Silva (Release 138 http://www.
arb-silva.de) database for 16S rRNA and Unite (Release 8.3 http://
unite.ut.ee/index.php) for ITS using a confidence threshold of 0.7. 
Microbial composition statistics were estimated at each taxonomic 
level (domain, kingdom, phylum, class, order, family, genus, and 
species). Mothur (Schloss et  al., 2009) was used to assess species 
richness and microbial diversity, while the Venn diagrams and bar 
plots for the microbial composition were analyzed and visualized 
using the vegan R package.3 The species percentage per sample shown 
as a circos plot was elaborated using Circos-0.67.4 The OTU abundance 
table was analyzed by PICRUSt and FUNGuild to predict the 
microbial function annotations. Heatmaps were constructed using 
Orange 3.24.1.5

1 http://en.majorbio.com/

2 http://rdp.cme.msu.edu/

3 https://github.com/vegandevs/vegan

4 http://circos.ca/

5 https://orange.biolab.si/

2.5. Culture-dependent isolation of 
microorganisms

2.5.1. Isolation and enumeration
For the isolation and the enumeration of cultivable 

chemoorganotrophic microorganisms in the 12 field-collected samples, 
the pour plate technique (Burdass et  al., 2006) was applied by 
inoculating 1 mL of the sample suspension (prepared in the sample 
preparation step) following decimal dilutions 10P−1P:10P5P. The sample 
suspension was poured in duplicates onto (1) BRII medium (Bunt and 
Rovira, 1955) modified as reported by Urzi et al. (2001) + 0.05% of the 
antifungal cycloheximide was utilized for chemoorganotrophic 
bacteria (Atlas, 2005); and (2) Geo medium (#714, List of Media for 
Microorganisms, DSMZ, Germany) + 0.05% cycloheximide was 
utilized for Geodermatophilus species (Atlas, 2005). The plates were 
then incubated at 28°C for up to 1 month. For the isolation and the 
enumeration of cultivable fungi, DRBC medium (Dichloran Rose 
Bengal Chloramphenicol agar; #CM0727, Oxoid, USA) supplemented 
with 100 ppm chloramphenicol to prevent bacterial growth (#SR0078, 
Oxoid, USA) was used. Incubation was carried out at 25°C for up to 
1 month. At the end of incubation time, counts of viable 
microorganisms were referred to as colony-forming units per gram of 
sample (CFU/g) to detect the microbial community’s enumeration in 
samples per each g for bacteria and fungi (Urzì et al., 2010).

2.5.2. Molecular identification of microbial isolates
DNA extraction from successfully isolated strains was performed 

using the PureLink Genomic DNA kit according to the kit protocol. 

FIGURE 1

Sampling site information in Djoser pyramid (DP) and Lahun pyramid (LP). (A,B): photographs of DP and LP, respectively, (by Samah Mohamed Rizk). 
(C,D): schematic drawing of DP and LP complexes, respectively, showing the sampling sites by numbers (Table 1). (E,F): sampling sites photographs 
showing their location in the pyramid and the sampling spot (by Samah Mohamed Rizk).
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DNA quality was checked using 1% (w/v) agarose gel electrophoresis, 
visualized by pre-added RedSafe dye under UV light, and quantified 
using Qubit and the Qubit BR assay kit (Invitrogen, Life 
Technologies, USA).

For the isolated bacteria, the bacterial 16S rRNA gene was fully 
amplified using primers 27F (5′-AGA GTT TGA TCC TGG CTC 
AG-3′) and 1,492R [5′-GGT TAC CTT GTT ACG ACT T-3′ (Lillo 
et al., 2006)]. For the isolated fungi, the ITS1 of the nuclear ribosomal 
RNA genes was amplified using primers ITS1F (5′-TCC GTA GGT 
GAA CCT GCG G-3′) and ITS4R [5′-TCC TCC GCT TAT TGA TAT 
GC-3′ (White et al., 1990)]. PCR reactions were performed using the 
Red Mix (BioLine, UK) kit. Each 25 μL reaction tube included 5 pmol 
of each primer, and 40 ng of DNA template was added. The 
amplification was carried out using a Techne 512 thermocycler 
(Techne, UK). The PCR program was adjusted according to the primer 
pair melting temperature (Tm) as follows: the first denaturation step 
at 95°C for 3 min was followed by denaturation at 95°C for 2 s, 
annealing at 50°C for 30 s for 16S rRNA and at 55°C for 30 s for ITS, 
extension at 72°C for 30 s. The last three steps were repeated 35 times, 
with the last extension step of 72°C for 5 min. PCR products were 
tested using 1.5% agarose gel electrophoresis and prepared for 
purification using GeneJET PCR purification kit (K0702, Fermentas, 
USA) before automated Sanger sequencing.

Chromatograms were trimmed, assembled, and aligned using 
Geneious Prime (Kearse et  al., 2012) and blasted for species 
identification using NCBI online Blast tool6 against the ITS database 
using the default settings. Taxonomic ranking and phylogenetic 
relationships were retrieved from the taxonomy database.7

3. Results

3.1. Epifluorescence examination

With the aim to explore the biological presence in the samples 
collected from such hyper-arid locations, the samples were 
examined by direct epifluorescent microscopy. Evidence of 
bacterial cells and fungal spores among the particles of the soil 
collected from both pyramids was found. The examination 
showed a uniform green stain in the case of bacteria, whereas 
phototrophic cytoplasm showed a red autofluorescence due to the 
presence of chlorophylls; the nuclei of eukaryotic cells appeared 
green, while the cytoplasm of heterotrophs was orange 
(Supplementary Figure 1).

3.2. Environmental DNA extraction

The eDNA was extracted successfully for the 12 field-collected 
samples. The eDNA concentration ranged from 19 to 49 ng/μl with 
an average of 36.85 ± 10.97 ng/μl for the DP samples and from 26 
to 60 ng/μl with an average of 40.33 ± 10.96 ng/μl for the 
LP samples.

6 https://www.ncbi.nlm.nih.gov/blast.cgi

7 https://www.ncbi.nlm.nih.gov/taxonomy

3.3. Metabarcoding analysis of the bacterial 
16S rRNA

3.3.1. Raw reads information
After filtering, the four bulked samples (two sets per pyramid) 

recorded an average of 43,881 ± 3,318 sequence reads, with an average 
nucleotide number of 18 ± 1.5 million nucleotides. The mean read 
length ranged from 413 to 422 bp; the minimum recorded sequence 
read length was 226 (bulk LP_S1), while the maximum was 526 bp 
(bulk LP_S2; Supplementary Table 1). The total number of sequences 
was 232,423, with an average length of 417 bp. Using an alignment 
threshold of 97% similarity level, the number of classified sequences 
was 225,266 (96.92%), while only 7,157 sequences had ‘no known 
relative’ (3.08%).

3.3.2. Taxonomical composition
Based on the OTU identification pipeline and the Venn diagram 

plot, the total number of the identified OTUs in the metabarcoding 
samples (meta) was 940. Both pyramids shared 284 OTUs, while 104 
and 552 were uniquely found in DP and LP, respectively. The OTUs 
identified from the two pyramids DP and LP were 388 and 836, 
respectively (Supplementary Figure 2).

The identified OTUs were classified into higher taxonomical 
ranks. Six hundred and forty four out of the 940 OTUs were classified 
as species belonging to 452 genera, forming 256 families from 142 
orders, 57 classes, and 26 phyla, and all belonged to kingdom Bacteria. 
The relative proportion of the major bacterial classes was visualized 
by abundance for each pyramid. For both pyramids, the Actinobacteria 
and Bacilli were the most abundant classes; however, the percentage 
values’ order was reversed between both pyramids. In the case of DP, 
the class Actinobacteria was the most abundant, followed by the 
Bacilli, Chloroflexia, Bacteroidia, Gammaproteobacteria, 
Alphaproteobacteria, and Deinococci classes, among others. On the 
contrary, in LP, the class Bacilli was the most abundant, followed by 
Actinobacteria, Bacteroidia, Gammaproteobacteria, 
Alphaproteobacteria, and Chloroflexia classes, among others 
(Figure 2A).

When the community composition was compared between both 
pyramids at the family level, OTUs belonging to three major families 
were highly represented in both communities (i.e., at least >1% 
abundance in both pyramids), namely: Geodermatophilaceae, 
Micrococcaceae, and Planococcaceae. Additionally, the OTUs 
belonging to the family Bacillaceae were highly represented in LP 
while weakly found (<1%) in DP. In contrast, OTUs belonging to 
orders Frankiales (non-ranked) and JG30-KF-CM45 
(Thermomicrobiales), and families Hymenobacteraceae and 
Nocardioidaceae, among others, were highly represented in DP while 
much rarer (<1%) in LP (Figure  2B). By testing the taxonomical 
relationships among the detected families, five bacterial classes were 
highly represented. Class Actinobacteria was the most represented 
(five families), followed by Bacilli (two families), Bacteroidia, 
Chloroflexia, and Gammaproteobacteria (single family).

Based on the metabarcoding analysis, the top-represented 
bacterial genera were Blastococcus, Planococcus, Kocuria, and 
Bacillus, respectively. According to the applied database 
classification, the genus Blastococcus, family Geodermatophilaceae, 
was represented by Blastococcus saxobsidens, with a relative 
abundance ratio (rA) of 0.155 (DP) and 0.104 (LP), Blastococcus 
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aggregatus with an rA of 0.054 (DP) and 0.011 (LP), and an 
unclassified Blastococcus sp. with an rA of 0.034 (DP) and 0.011 
(LP). The genus Planococcus, family Planococcaceae was 
represented by Planococcus salinarum with an rA of 0.167 (DP) and 
0.126 (LP) and an unclassified Planococcus sp. with an rA of 0.024 
(DP) and 0.224 (LP). Kocuria rosea represented the genus Kocuria, 
family Micrococcaceae with an rA of 0.109 and 0.234 for the DP 
and the LP samples, respectively. The genus Bacillus, family 
Bacillaceae was represented by Bacillus persicus with an rA of 0.001 
(DP) and 0.129 (LP) and Bacillus alkalitelluris, with an rA of 
0.008 × 10P−1P (DP) and 0.050 (LP; Figure 2C).

The overall functional composition profile was predicted for each 
pyramid based on the identified OTUs. Both profiles were very 
similar; the relative abundance was the highest for bacteria 
characterized by genes of unknown function, general function and 
amino acid transport and metabolism, energy production, and 
conversion, among others. In the latter, minor differences were found 
between both pyramids, as DP was slightly higher than LP 
(Supplementary Figure 3).

3.4. Metabarcoding analysis of the fungal 
its region

3.4.1. Raw reads information
After filtering, the four bulked samples recorded an average of 

49,483 ± 7,111 sequence reads, with an average nucleotide number 
of 12.47 ± 1.67 million nt. The mean read length ranged from 251 
to 254 bp; the minimum recorded sequence read length was 140 
(bulk LP_S2), while the maximum was 515 bp (bulk DP_S1; 
Supplementary Table 2). Total valid sequences were 98.5 K and 
133.5 K for the DP and the LP, respectively. Using an alignment 
threshold of 97% similarity level, the number of classified 
sequences was 301,603 (99.52%), while only 1,468 sequences had 
‘no known relative’ (0.48%).

3.4.2. Taxonomical composition
Based on the OTU identification pipeline and the Venn 

diagram plot, the total number of the identified OTUs in the 
metabarcoding samples was 306. Both pyramids shared 48 OTUs, 

FIGURE 2

16S rRNA-based metabarcoding profiling of Djoser and Lahun pyramids. (A) Bacterial community composition bar-plot based on the identified OTUs 
for DP and LP in the metabarcoding samples. The percentage of community abundance at the class level is shown. (B) Circos plot for the comparative 
bacterial community composition based on the identified OTUs for both DP (MetaDP; red) and LP (MetaLP; blue) in the metabarcoding samples. The 
percentage of community abundance at the family level is shown for each pyramid. NC = not classified. (C) Bacterial community heatmap for the 
top 20 of the most abundant genera. The relative abundance ratio is shown for the two pyramids (DP and LP) using a colour scale given on the left of 
the figure. The family is indicated by colour mark for each genus. The top represented genera are clustered and marked by the red dot. NC = not 
classified.
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while 43 and 215 OTUs were uniquely found in DP and LP, 
respectively. The OTUs identified from the two pyramids DP and 
LP were 91 and 263, respectively (Supplementary Figure 4). The 
identified OTUs were classified into higher taxonomical ranks; 
204 out of the 306 OTUs were classified as species belonging to 
146 genera, forming 99 families, 48 orders, 21 classes, and 6 phyla, 
all belonging to the kingdom Fungi. The relative proportion of the 
major fungal classes was visualized by abundance for each 
pyramid. For both pyramids, the class Dothideomycetes was the 
most abundant. However, in DP, it was up to 80% compared to LP 
with 37%. In the case of DP, this class was followed by the 
Eurotiomycetes and Sordariomycetes classes, among others. In LP, 
the Dothideomycetes were followed by the Pezizomycetes, 
Sordariomycetes, Saccharomycetes, Tremellomycetes, and 
Eurotiomycetes classes, among others (Figure 3A).

When the community composition was compared between 
both pyramids at the family level, one family was highly represented 
in both communities (i.e., at least >1% abundance in both 
pyramids), namely: Pleosporaceae. Additionally, the families 
Sporormiaceae and Trichomeriaceae were highly represented in DP 
while weakly found (<1%) in LP. In contrast, the families 
Cladosporiaceae, Mycosphaerellaceae, Pichiaceae, Sordariaceae, 
and Trichosporonaceae, among others, were highly represented in 
LP while weakly found (<1%) in DP (Figure 3B). Besides, OTUs 
classified to order Pezizales and others belonging to phylum 
Ascomycota were highly represented in LP while weakly found 
(<1%) in LP. The abundant families represented five classified 
fungal classes and two unclassified ones by testing the phylogenetic 
relationships among the detected families. The class 
Dothideomycetes was the most represented (four families), 
followed by Eurotiomycetes (two families), Pezizomycetes, 
Saccharomycetes, and Sordariomycetes (single-family).

In descending order, the top represented fungal genera based 
on the metabarcoding analysis were: Knufia, Alternaria an 
unclassified member of the Sporormiaceae family (GenBank 
accession: MN899880), and an unclassified member of Pezizales 
order (UNITE DOI:SH1569317.08FU). The genus Knufia was 
represented by Knufia karalitana, family Trichomeriaceae with an 
rA of 0.151 and 0.005 for the DP and the LP, respectively. Alternaria 
chlamydospora with an rA of 0.122 (DP) and 0.007 (LP) and 
Alternaria oudemansii with an rA of 0.301 (DP) and 0.009 (LP) 
represented the genus Alternaria, family Pleosporaceae. The 
unclassified species of the family Sporormiaceae showed rA values 
of 0.35 for the DP and 0.001 for the LP samples. The Pezizales 
unclassified species showed rA values of 0.007 × 10P−2P for the DP 
and 0.271 for the LP samples (Figure 3C).

The overall functional composition profile was predicted for 
each pyramid based on the identified OTUs. Both profiles were 
very different; the relative abundance was the highest for fungi 
characterized as an animal pathogen, dung saprotrophs, and 
unknown or undefined saprotroph types. For the DP, the fungi 
characterized as animal pathogens or dung saprotrophs were 
higher represented than for the LP, similar to those belonging to 
the “Animal-Pathogen—Endophytic—Lichen Parasite—Plant-
Pathogen—Wood saprotroph” group. In contrast, the fungi of 
unknown or undefined saprotroph type and those characterized 
as plant pathogens were more prevalent in LP than DP samples 
(Supplementary Figure 5).

3.5. In vitro culture analysis and traditional 
isolation of microorganisms

3.5.1. Enumeration of most representative 
colonies

Variable numbers of cultivable bacteria and fungi among the DP 
samples were observed. The CFU/g ranged between 1.63 and 2.33 for 
bacteria and 1.78 to 2.41 for fungi (DP1 was excluded since no 
cultivable fungi were found). The highest number of bacterial and 
fungal isolates was observed in sample DP6, while the lowest was 
found in sample DP1. Total cultivable bacteria in DP samples were 61 
on BRII and 144 on Geo media, with total cultivable fungal colonies 
of 211. The CFU/g ranged between 1.82 and 2.22 for bacteria and 2.00 
and 2.48 for fungi compared to LP samples. The highest number of 
bacterial and fungal isolates was observed in sample LP1, while the 
lowest was found in sample LP2. Total cultivable bacteria in the LP 
samples were 96 on BRII and 106 on Geo media, with total cultivable 
fungal colonies of 278. The LP samples showed a higher number of 
successfully identified bacteria 32 than the DP of 20 and fungi of 40 
for the LP to 26 for the DP samples (Table 2).

3.5.2. Molecular identification of microbial 
isolates

The isolation approach surveyed 28 bacterial species (13 genera) 
and 34 fungal species (20 genera). In the case of Djoser Pyramid, the 
bacterial 16S rRNA identified 13 strains among the successful isolates, 
and the fungal ITS region rRNA enabled the identification of 15 
isolates that were amplified and analyzed. At the genus level, the most 
frequent bacteria belonged to 8 genera, namely: Arthrobacter, Bacillus, 
Brevibacterium, Kocuria, Micrococcus, Pseudomonas, Streptomyces, 
and Xanthomonas (Supplementary Table 3). Equally, the isolated fungi 
were assigned to 10 genera, namely: Alternaria, Aspergillus, 
Cladosporium, Curvularia, Epicoccum, Fusarium, Glomerella, 
Penicillium, Phialocephala, and Ulocladium (synonym of Alternaria; 
Supplementary Table S4). A black meristematic fungus was isolated 
from samples DP5 and DP6 and was assigned to the 
genus Pseudotaeniolina.

In the case of Lahun Pyramid, the bacterial 16S rRNA identified 
21 strains among the successful isolates, and the fungal ITS region 
enabled the identification of 26 amplified and analyzed strains. At the 
genus level, the most frequent strains of bacteria belonged to 13 
genera, namely: Agrobacterium, Arthrobacter, Bacillus, Brevibacterium, 
Clostridium, Klebsiella, Kocuria, Micrococcus, Micromonospora, 
Pseudomonas, Rhizobium, Streptomyces, and Xanthomonas 
(Supplementary Table 4). The identified fungi were assigned to 16 
genera: Alternaria, Aspergillus, Chaetomium, Cladosporium, 
Curvularia, Epicoccum, Fusarium, Monilinia, Mucor, Mycosphaerella, 
Podospora, Puccinia, Stachybotrys, Stemphylium, Trichoderma, and 
Ulocladium (Supplementary Table 4).

3.5.3. Comparative phylogenetic and taxonomic 
analyses

The ranking of bacterial and fungal species and the relationship 
of the organisms isolated from both pyramids was defined based on 
the taxonomic unrooted phylogenetic tree (genus level). In the 
bacterial species case, the class Actinobacteria ranked first in both 
pyramids, while it varied for Proteobacteria, which ranked third in DP 
and second in LP, and vice versa for Firmicutes. Species belonging to 
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the genus Clostridium (order Clostridiales, class Firmicutes) were only 
found in DP; oppositely, Agrobacterium and Rhizobium species (order 
Rhizobiales, class Proteobacteria), Micromonospora sp. (order 
Micromonosporales, class Actinobacteria) and Klebsiella (order 
Enterobacteriales, class Proteobacteria) were only found in LP. Species 
of order Micrococcales (class Actinobacteria), species of genera 
Bacillus (order Bacillales, class Firmicutes), Streptomyces (order 
Streptomycetales, class Actinobacteria), and Xanthomonas (order 
Xanthomonadales, class Proteobacteria) were higher represented in 
DP than in LP. On the contrary, species from the genus Pseudomonas 
(order Pseudomonadales, class Proteobacteria) were higher in LP than 
in the DP (Figure 4A).

In the case of the fungal species, the class Dothideomycetes 
ranked; first, Sordariomycetes ranked second, followed by 
Eurotiomycetes in both pyramids. Species of genera Glomerella (order 
Glomerellales, class Sordariomycetes) and Phialocephala (order 
Ophiostomatales, class Sordariomycetes) were only found in 
DP. Oppositely, species of genera Monilinia (order Helotiales, class 
Leotiomycetes), Mucor (order Mucorales, class Mucoromycetes), and 
Puccinia (order Pucciniales, class Pucciniomycetes) were only found 
in LP. Cladosporium (order Cladosporiales), Mycosphaerella (order 

Mycosphaerellales), and Pseudotaeniolina (order Capnodiales) species, 
all belong to the class Dothideomycetes were represented in DP more 
than LP, and equally for Alternaria, Curvularia, and Stemphylium 
species (order Pleosporales, class Dothideomycetes), but slightly lower 
than Capnodiales. On the contrary, Aspergillus species (order 
Eurotiales, class Eurotiomycetes) were somewhat higher in LP than 
DP, and Fusarium, Stachybotrys, and Trichoderma species (order 
Hypocreales, class Sordariomycetes) were higher represented in LP 
than in DP (Figure 4B).

3.6. Culturable versus unculturable 
microbial species identification

Except for few cases, most of the unculturable bacteria and 
fungi were of unknown species. When compared with the culturable 
species, no common species were detected by both methods, only 
unknown species identified at generic level. In case of bacteria, no 
taxa were detected by both methods from both pyramids, however, 
the culturable and unculturable methods yielded two unknown 
species belonging to Rhizobium and Micromonospora genera from 

FIGURE 3

ITS-based metabarcoding profiling of Djoser and Lahun pyramids. (A) Fungal community composition bar-plot based on the identified OTUs for DP 
and LP in the metabarcoding samples. The percentage of community abundance on the class level is shown. (B) Circos plot for the comparative fungal 
community composition based on the identified OTUs for both DP (MetaDP; red) and LP (MetaLP; blue) in the metabarcoding samples. The 
percentage of community abundance at the family level is shown for each pyramid. NC = not classified. (C) Fungal community heatmap for the top 20 
of the most abundant genera. The relative abundance ratio is shown for the two pyramids (DP and LP) using a color scale given on the left of the 
figure. The family is indicated by color for each genus. The top represented genera are clustered and marked by a red dot. NC = not classified.
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Lahun Pyramid, and two additional unknown species belonging to 
Clostridium and Pseudomonas genera were found common with the 
unculturable species detected from Djoser Pyramid. In case of 
fungi, unknown species belonging to Cladosporium and Fusarium 
genera were detected by both methods from both pyramids. The 
culturable and unculturable methods yielded one unknown species 
belonging to genus Monilinia from Lahun Pyramid, and three 
additional unknown species belonging to Stemphylium, 
Trichoderma, and Mycosphaerella genera were found common with 
the unculturable species detected from Djoser pyramid. Unknown 
species belong to Alternaria were detected using culturable and 
unculturable methods from Djoser Pyramid and found common 
with the unculturable species found from Lahun Pyramid 
(Figure 5).

4. Discussion

There is no doubt that microorganisms greatly influence stone 
transformation and decay in a currently termed biodeterioration 
process. Unfortunately, such modification is irreversible, causing 
significant damage to human-made stone structures, such as 
monuments of cultural value and historical significance. Many reports 
concentrated on the diversity of the microbiota inhabiting such 
complex and harsh stone microhabitats (Urzì et al., 2000; Scheerer 
et  al., 2009; Sanz et  al., 2017; Pena-Poza et  al., 2018). Those 
microorganisms are considered the second factor after erosion (i.e., 
physical and chemical damage), while other studies considered them 
the primary cause of decay and deterioration (Warscheid and Braams, 
2000; Liu et al., 2020). Microorganisms inhabiting stone feature the 
extremotolerance aspect to survive and reproduce under such harsh 
conditions (Rampelotto, 2013).

The recorded microbial communities varied in composition, and 
the dominant species at bacterial and fungal levels between the two 

largest pyramids of the Memphis necropolis of ancient Egypt. 
However, the commonly recorded species were the key to defining the 
stone-inhabiting bacteria (SIB) and rock-inhabiting fungi (RIF). A 
total of 19 bacterial and 16 fungal species were exclusively culture-
dependent, while 92 bacterial and 122 fungal species were culture-
independent. The culture-dependent identification (traditional) 
method is considered less informative and convenient than the 
culture-independent identification, as the former enabled the 
detection of ≤5% of the total microbial community (Dakal and 
Arora, 2012).

Nevertheless, the traditional method has many benefits; the most 
important is the availability of the detected species and/or strains for 
further studies, especially when they are newly identified; however, the 
metabarcoding identification method has shown more advantages, 
considering that, in most cases, the behavior of a species is better 
explained in relation to the entire microbial community within a 
particular substrate (Li et al., 2016).

The concentration of eDNA extracted from arid and hyper-arid 
soils, as in the case described here, is very low (Schneegurt et al., 
2003), which poses a challenge to the application of metabarcoding. 
In our study, bulking the samples increased the eDNA concentration 
and improved the 16S rRNA and ITS library preparation and 
sequencing. While the metabarcoding revealed higher microbial 
diversity than expected, considering the harsh arid conditions of 
the sampling sites (Lang-Yona et  al., 2018). The most common 
bacterial class shared between the two pyramids is Actinobacteria, 
which is deemed to be  the dominant bacteria in outdoor and 
subterranean habitats, such as caves and tombs (Cuezva et al., 2012). 
Concerning the highly represented families in both pyramids, the 
Planococcaceae, gram-positive bacteria with no known 
characteristics exclusive to all family members, dominate. However, 
the known isolated species was P, salinarum, which was previously 
isolated from a marine solar saltern and can grow in vitro up to 13% 
w/v NaCl (Yoon et al., 2010). The species representing the family 

TABLE 2 Enumeration of the cultivable colonies isolated from Djoser (DP) and Lahun (LP) pyramids.

Samples Bacteria 
(CFU/g)

Fungi 
(CFU/g)

Isolate counts

a b c d e f g

DP1 2.22 0.00 - 33 0 - - 3 -

DP2 2.33 1.78 24 17 12 - 1 5 2

DP3 2.30 2.41 - 40 45 - - 4 3

DP4 2.23 2.18 - 34 30 - - 3 3

DP5 1.63 2.23 13 - 51 1 1 3 8

DP6 2.12 2.26 24 20 73 - - 2 10

Total DP - - 61 144 211 1 2 20 26

LP1 2.12 2.48 40 - 90 2 4 5 8

LP2 1.83 2.10 26 - 38 - 2 5 7

LP3 2.22 2.00 - 50 30 1 - 6 5

LP4 2.00 2.06 30 - 35 - - 6 5

LP5 1.82 2.18 - 20 45 - 2 4 10

LP6 2.08 2.12 - 36 40 - 4 6 5

Total LP - - 96 106 278 3 12 32 40

(a) Total cultivable bacterial colonies on BRII medium. (b) Total cultivable bacterial colonies on Geo medium. (c) Total cultivable fungal colonies on DRBC medium. (d) Count of occasionally 
found bacteria. (e) Count of occasionally found fungi. (f) Count of successfully identified bacteria using 16S. (g) Count of successfully identified fungi using ITS.
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Micrococcaceae was Kocuria rosea, known as a common soil and 
water species found previously in extreme environments such as 
heavily polluted waters, deep-sea sediments, and spacecraft surfaces 
(Coil et al., 2016). The most abundant species belonged to the family 
Geodermatophilaceae, described as one of the most abundant stones 
inhabiting Actinobacteria (Urzi et al., 2001; Sghaier et al., 2016). 

Two known species of the family Geodermatophilaceae, B, 
aggregatus and B, saxobsidens, that cause an orange coloration were 
identified from both pyramids. The latter was found to resist harsh 
environmental conditions (e.g., UV light, ionizing radiation, 
desiccation, and heavy metals (Gtari et al., 2012; Montero-Calasanz 
et al., 2015)).

FIGURE 4

Unrooted phylogenetic tree based on the taxonomic ranking retrieved from the NCBI database (https://www.ncbi.nlm.nih.gov/taxonomy) for the 
bacterial (A) and fungal (B) species isolated from the Djoser pyramid (DP) and Lahun pyramid (LP). The abundance percentage of each order and class 
is demonstrated as a pie chart between both pyramids at each node. (Note: order Capnodiales node includes Mycosphaerellales and Cladosporiales 
species).
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Compared with the isolated culture-dependent bacterial 
species, the species of Geodermatophilaceae and Planococcaceae 
did not grow in the currently used media. Therefore, different 
media compositions and protocols will be required to retrieve such 
isolates, especially for the two unknown species found highly 
represented in both pyramids (Blastococcus sp. and Planococcus sp.). 
Chemoorganotrophic bacteria utilize a wide range of nutrients and 
may serve other microorganisms by breaking down poorly 
degradable compounds, which could otherwise not be  utilized 
(Saier et al., 2008). One example is the species belonging to the 
genus Bacillus, four of which were isolated from both pyramids and 
frequently identified on stone buildings (Kiel and Gaylarde, 2006). 
An exclusive bacterium to LP belonged to the genus 
Micromonospora, which was occasionally reported from decayed 
stone (Ciferri et al., 2000), along with isolates from Micropolyspora, 
and Streptomyces, which were previously reported from a tomb in 
Tella Baste, Zagazig city in Egypt (Abdulla et  al., 2008). Other 
isolates were best known as common environmental species of 
natural presence on soil [e.g., Arthrobacter (Eschbach et al., 2003)].

One of the most functional bacterial gene groups in the surveyed 
sites of both pyramids was the amino acid transport and metabolism; 
it could be very efficient in the survival in the studied sites as amino 
acid metabolism is associated with abiotic stress tolerance mechanisms 
in bacteria (Batista-Silva et al., 2019). One group is the Mycosporine-
like amino acids, a family of intracellular compounds biosynthesized 
by the shikimic acid pathway to synthesize aromatic amino acids and 
are expressed under biotic and abiotic stresses [e.g., high UV exposure 
(Bhatia et  al., 2011)]. Identifying related pathways would help to 
understand the stone-inhabiting mechanisms.

Based on ITS metabarcoding functional analysis, most of the 
detected fungi are naturally present in the soil. At the same time, some 
are molds, plant-pathogen species, and/or wood-inhabiting fungi 
(e.g., Chaetomium globosum). It is worth mentioning that the family 
Pleosporaceae (class Dothideomycetes) was one of the most abundant 
families in the studied pyramids, followed by the family 
Trichomeriaceae (class Eurotiomycetes), which was represented by A, 
chlamydospora and A, oudemansii species, that were previously 
reported from similar studies (Ruibal et al., 2009; Piñar et al., 2019), 
and an extremotolerant RIF, K, karalitana (Isola et  al., 2016), 
respectively.

Compared with fungal culture-dependent isolation, seven common 
genera were observed at both pyramidal sites. The most remarkable 

isolated fungal species was a black meristematic fungus, Pseudotaeniolina 
globosa De Leo, Urzì & De Hoog, which was an extremotolerant ecotype 
adapted to harsh and arid conditions and was attributed to the family 
Teratosphaeriacea, order Capnodiales (Rizk et al., 2021). Meristematic 
growth is infrequent in the fungal kingdom and can be interpreted as a 
specific response to external stress (Isola et al., 2016). RIF usually are 
extremotolerant microorganisms that can tolerate abiotic stress such as 
drought, prolonged water deficiency, osmotic stress, extreme 
temperatures, UV radiation, and outer-space conditions (Sterflinger, 
2006; Onofri et al., 2012; Zakharova et al., 2013; Sterflinger et al., 2014; 
Selbmann et al., 2015). RIFs are known for the dark-colour aspect and 
are very active agents causing noticeable alteration patterns and 
exfoliation of stone monuments with endolithic activity (Onofri et al., 
2014; De Leo et al., 2019). Comparing our results with similar studies, 
several fungal genera detected in the Djoser and Lahun pyramids were 
previously reported from cultural heritage material. For example, 
Alternaria, Aspergillus, Cladosporium, Epicoccum, Fusarium, Mucor, 
Penicillium, and Trichoderma were reported, among others, from storage 
room objects in the Tianjin Museum, China (Liu et al., 2018; Soliman 
and Magdy, 2018), Etruscan tombs in Italy and ancient tombs of the 
Baekje Dynasty in the Republic of Korea (Caneva et al., 2020).

To know the real potential of biodeterioration caused by the 
isolated species, a follow-up study is currently in progress to 
characterize the stone substrate where the microorganisms found are 
inoculated and subjected to specific environmental conditions as well 
as the examination of possible biocidal treatments using organic and 
natural products without deteriorating side effects.

5. Conclusion

Our survey of two of the oldest and largest pyramids in 
Memphis necropolis of ancient Egypt, Djoser and Lahun 
pyramids, revealed that both pyramids are inhabited by potential 
biodeterioration agents, some known for their ability to transform 
the stone surface and rock formation, and potentially as 
dangerous as physical and chemical erosions. Our results confirm 
that the best methodological approach to identifying and 
studying a complex microbial community is by combining 
microscopy and molecular identification for culture-dependent 
microbes. Metabarcoding methods are ideal for culture-
independent microbes by extracting DNA and/or RNA directly 

FIGURE 5

Venn Diagram illustrate a comparative listing of the culturable and culturable microbial species detected from both Djoser and Lahun Pyramids.
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from the substratum and/or biomass. Based on both culturable 
and unculturable microbial identification methods, the identified 
SIB known to be related to biodeterioration were B, aggregatus, 
B, saxobsidens, and Blastococcus sp., while B, alkalitelluris, B, 
persicus, P, salinarum, and Planococcus sp. will need further 
investigation to examine their biodeterioration effect. Equally, 
the surveyed RIF in the current study were K, karalitana and P, 
globosa, in addition to a species belonging to the family 
Sporormiaceae, which will need further isolation and 
identification. These findings will require further inspection and 
biodeterioration-related analysis to fully understand the 
damaging effect on Djoser and Lahun pyramids and help to 
design prevention and conservation plans.
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The exceptionally long and protracted aridity in the Atacama Desert (AD), Chile, 
provides an extreme, terrestrial ecosystem that is ideal for studying microbial 
community dynamics under hyperarid conditions. Our aim was to characterize 
the temporal response of hyperarid soil AD microbial communities to ex situ 
simulated rainfall (5% g water/g dry soil for 4  weeks) without nutrient amendment. 
We  conducted replicated microcosm experiments with surface soils from two 
previously well-characterized AD hyperarid locations near Yungay at 1242 
and 1609 masl (YUN1242 and YUN1609) with distinct microbial community 
compositions and average soil relative humidity levels of 21 and 17%, respectively. 
The bacterial and archaeal response to soil wetting was evaluated by 16S rRNA 
gene qPCR, and amplicon sequencing. Initial YUN1242 bacterial and archaeal 
16S rRNA gene copy numbers were significantly higher than for YUN1609. Over 
the next 4  weeks, qPCR results showed significant increases in viable bacterial 
abundance, whereas archaeal abundance decreased. Both communities 
were dominated by 10 prokaryotic phyla (Actinobacteriota, Proteobacteria, 
Chloroflexota, Gemmatimonadota, Firmicutes, Bacteroidota, Planctomycetota, 
Nitrospirota, Cyanobacteriota, and Crenarchaeota) but there were significant site 
differences in the relative abundances of Gemmatimonadota and Chloroflexota, 
and specific actinobacterial orders. The response to simulated rainfall was distinct 
for the two communities. The actinobacterial taxa in the YUN1242 community 
showed rapid changes while the same taxa in the YUN1609 community remained 
relatively stable until day 30. Analysis of inferred function of the YUN1242 
microbiome response implied an increase in the relative abundance of known 
spore-forming taxa with the capacity for mixotrophy at the expense of more 
oligotrophic taxa, whereas the YUN1609 community retained a stable profile 
of oligotrophic, facultative chemolithoautotrophic and mixotrophic taxa. These 
results indicate that bacterial communities in extreme hyperarid soils have the 
capacity for growth in response to simulated rainfall; however, historic variations 
in long-term hyperaridity exposure produce communities with distinct putative 
metabolic capacities.
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hyperarid, soil microbiome, soil wetting, extremophiles, oligotrophic microbes, 
Atacama Desert, mixotroph
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Introduction

The Atacama Desert (AD) provides an ideal laboratory for 
studying microbial habitability under hyperarid conditions and 
identifying associated unique survival strategies. The AD soils reach 
ages exceeding 10 million years and have undergone an exceptionally 
long and protracted period of aridity (Hartley and Chong, 2002) that 
is rare on the rest of the planet. In addition, the occurrence and 
distribution of salts have allowed the characterization of the AD as a 
unique Saline Domain (Chong-Diaz et  al., 2020). This extreme 
environment has attracted diverse research interests. For example, 
bio-signatures can offer insights into past or present life on surfaces 
such as early Mars, and guide astrobiology research on extraterrestrial 
surfaces (Cabrol et al., 2007; Hock et al., 2007; Certini et al., 2009; 
Certini and Ugolini, 2013; Warren-Rhodes et al., 2019). Related to this 
is interest in the strategies used by microbes to remain metabolically 
active over long time scales under hyperarid conditions, a topic that 
remains poorly understood (Davila et al., 2013; Leung et al., 2020).

Deserts are not only characterized by low precipitation levels, but 
precipitation events are erratic. Soil microorganisms in extreme, 
hyperarid deserts such as the AD and the Namib Desert in Namibia 
must survive protracted periods of aridity between isolated rainfall 
events. Data from the Namib Desert projected that surface soil 
microbial communities have active growth for just 184–363 h per year 
(Bosch et  al., 2022). Similarly, soil relative humidity (RH) data 
recorded in the AD from 2015 to 2018 (sensors at 20 cm depth 
recording every 2 h) revealed average RH values of just 17–29% across 
eight hyperarid sites with no values recorded above 52% (Neilson 
et al., 2017). Areas in the AD that experience rainfall have soil RH 
values of 100%. Thus, AD soil microbial communities in hyperarid 
regions survive years to decades with no precipitation events (Neilson 
et al., 2017; Schulze-Makuch et al., 2018; Supplementary Figure S1 AD 
rainfall history). Temporal studies in deserts are rare, but it is clear that 
isolated rainfall events are a primary trigger controlling microbial 
activity (Huxman et al., 2004;Makhalanyane et al., 2015).

These extreme conditions support increasing interest in 
understanding the strategies for survival of the AD microbiome 
during prolonged periods of desiccation. Initial culture-independent 
techniques concluded that the hyperarid core of the AD was an 
environment completely devoid of life (Navarro-Gonzalez et  al., 
2003). But soon thereafter recoverable DNA and low cell numbers of 
bacteria from soils in the extreme arid core were reported showing 
differences between the composition of the microbial community in 
vegetated and unvegetated areas (Maier et al., 2004; Drees et al., 2006; 
Connon et al., 2007).

Later studies employing high throughput sequencing techniques 
facilitated the identification of associations between environmental 
factors, soil microbial community composition, and potential 
metabolic strategies under arid and hyperarid conditions. Two 
research studies evaluated associations between aridity gradients and 
microbial community composition along extensive transects. Moisture 
and soil electrical conductivity significantly correlated with microbial 
community diversity along a North–South (24–26° Latitude S) 
moisture gradient transect (Crits-Christoph et al., 2013). In a second 
study along a west–east elevational transect, moisture and temperature 
explained significant reductions in the diversity, evenness, and 
connectivity of AD soil microbial communities (Neilson et al., 2017). 
In the second study, the abundance of “key bacterial taxa” typically 

associated with the microbiome of fertile soils as well as Archaea 
decreased with decreasing moisture and increasing temperature. On 
the contrary, more abundant microbial phylotypes were 
phylogenetically associated with chemolithoautotrophs that obtain 
energy by oxidation of nitrite (NO2

−), carbon monoxide (CO), iron 
(Fe) or sulfur (S) suggesting genetic potential for non-phototrophic 
primary production and geochemical cycling in these hyperarid 
ecosystems (Neilson et al., 2012, 2017). Strong evidence has also been 
found for contributions by hydrogen-oxidizing bacteria in four 
distinct desert soils (Australian, Namib, Gobi, and Mohave) whose 
activity is stimulated by hydration (Jordaan et al., 2020). Interestingly, 
the microbial composition of AD hyperarid soils was site-specific 
suggesting that specific environmental factors shape 
these communities.

A study of microbial activity in the AD using oxygen (O) and 
nitrogen (N) isotopes indicates that at least 20% of the nitrate in the 
driest region of the AD has been biologically cycled (Amundson et al., 
2007). However, the low rate of biological N cycling, combined with 
very low organic matter (OM) cycling rates based on 14C 
determination, reflected exceedingly small rates of microbial 
processing of carbon (C) and N. An assessment of biomolecular 
proxies for cell adaptation and growth suggests that for the driest areas 
of the AD this basal metabolic activity is used for cellular repair and 
maintenance and there is minimal or no in situ microbial growth 
(Wilhelm et al., 2018).

Some studies have amended AD surface soils (1–10 cm) with 
moisture and C substrates to evaluate the heterotrophic metabolic 
potential of AD soil microbial communities. Emissions of carbon 
dioxide (CO2), N2O, and methane (CH4) after amendment revealed 
the retention of some biogeochemical-cycling capacity despite long-
term deprivation (Hall et al., 2012). In addition, an exceptional rainfall 
event in 2017 allowed for an in situ analysis of hyperarid AD soil 
response to moisture and provided evidence of metabolically active 
microbial communities (Schulze-Makuch et al., 2018). In that study, 
biomolecules indicative of potentially active cells [e.g., presence of 
ATP, phospholipid fatty acids (PLFAs), metabolites, and enzymatic 
activity], as well as in situ replication rates of metagenome-assembled 
genomes (MAGs) were measured, despite extremely low microbial 
biomass and diversity. The researchers inferred that the microbial 
populations underwent selection and adaptation in response to their 
specific soil microenvironment and to the degree of aridity.

The objective of this study was to determine the capacity of AD 
soil microbial communities from two distinct hyperarid locations to 
respond to a simulated rainfall event under controlled laboratory 
conditions in the absence of any nutrient amendment. Specifically, the 
study evaluated the response of hyperarid soil microbiomes to a soil-
wetting event in terms of (1) the growth capacity of bacterial and 
archaeal communities and (2) the dynamic changes in relative 
abundances of specific taxa. Functional contributions of key taxa from 
each community were evaluated to characterize the metabolic 
response of each community. Hyperarid sites YUN1242 and YUN1609 
were selected for analysis based on previous environmental and 
microbial community characterization that showed them to have 
distinct microbial communities (Neilson et  al., 2017). The model 
experiment was conducted over 30 days to quantitatively assess the 
temporal response of these two microbial communities to water 
addition using qPCR and amplicon sequencing. The qPCR analysis 
quantifies the metabolically active fractions of the bacterial and 
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archaeal communities in the respective soils, whereas changes in the 
relative abundance of microbial populations characterized by 
amplicon sequencing identify the specific taxa with the capacity to 
respond to a rainfall event. We  hypothesize that hyperarid soil 
microbial communities from different geographic locations in the AD 
will have the same response to a simulated rainfall event. Results from 
this study will inform our understanding of the composition, 
physiology and activity of resilient microorganisms inhabiting arid 
soils, and will help guide the search for life in terrestrial and 
extraterrestrial sites.

Results

Soil characterization

The selected sites (Figure  1), labeled YUN1242, and 
YUN1609, were previously classified as long-term hyperarid soil 
based on nitrate and sulfate profiles (Neilson et al., 2017). Nitrate 
and sulfate levels over 15 and 340 mmol g−1 soil, respectively, in 
the soil samples revealed the long-term hyperaridity in the 
Atacama Desert (Supplementary Figure S2). Higher nitrate and 
sulfate levels in the YUN1609 soil profile compared with 
YUN1242 suggest greater long-term aridity at this site. Soil 
organic carbon (OC) ranged from 0.02 to 0.04% (Neilson 
et al., 2017).

The soils in both sites were alkaline (pH 8.9 in YUN1242, and pH 
8.4 in YUN1609) and were characterized by an electrical conductivity 

of 311.5 and 589.3 μS·cm−1 (Table 1) and a soil moisture of 1.71% in 
YUN1242, and 1.09% in YUN1609. After the rain event in 2017, the 
soil gravimetric water content in each sample increased to 4.196 and 
6.159%, respectively (Table 1). Our records show that gravimetric 
moisture contents remained at these levels for at least 12 days after the 
2017 rain event (Table 1). Further, elevated RH levels of 40–50% were 
recorded at 10–20 cm depth for more than 90 days in an alluvial fan 
near YUN1242 (Pfeiffer et al., 2021).

Bacterial and archaeal total abundances 
during the incubation time

The average DNA concentrations retrieved from the experiments 
(Supplementary Figure S3) with YUN1242 and YUN1609 samples 
were significantly (p -value < 0.001) higher than those obtained from 
the blanks (Supplementary Figure S4). The initial (T0) 16S rRNA 
copy number per gram of soil was 3.09 × 105 and 1.78 × 106 for 
Bacteria, and 1.18 × 104 and 4.55 × 104 for Archaea in YUN1609 and 
YUN1242, respectively (Figure 2). Thus, bacterial and archaeal copy 
numbers were significantly higher for YUN1242 soils than YUN1609 
at T0 (t-test value of ps, 0.018 and 0.023, respectively).

The bacterial abundance response to soil wetting for both YUN1242 
and YUN1609 was significantly different from that of the archaea. For 
bacteria, pairwise multiple comparisons using FDR correction 
indicated a significant increase in abundance from T0 to T30 in both 
sampling sites (value of p < 0.05). This increase was relatively steady for 
YUN1242. In contrast, for YUN1609 bacterial abundance increased 

FIGURE 1

Map of the studied area indicating the locations of sampling sites YUN1242 and YUN1609 in blue at the Atacama Desert, Chile. The sites in yellow and 
red belong to two transects studied before (Neilson et al., 2017).
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significantly from T0 to T6 (value of p = 0.010), remained stable until 
T9, followed by a significant decrease until T12 (value of p = 0.014) and 
finally another significant increase from T12 to T30 (value of p < 0.001) 
(Figure 2 and Supplementary Table S1). Both sampling site and the 
incubation time were statistically significant factors (two-way repeated 
measures ANOVA using the log 10 bacterial total abundance as the 
response variable, value of p < 0.005).

A similar analysis of archaeal abundance indicated a significant 
decrease in archaeal abundance from T6 to T30 in YUN1242 (value 
of p = 0.002) and from T0 to T30 in YUN1609 (value of p = 0.007). 
Again, for YUN1242 the decrease was relatively gradual whereas for 
YUN1609 the copy number remained stable from T0 to T9, then 

decreased significantly at T12 (value of p = 0.019) followed by a 
significant rebound in abundance at T15 (value of p = 0.041), and then 
a sharp decrease again until T30 (value of p = 0.005) (Figure 2 and 
Supplementary Table S2).

Overall community diversity and 
taxonomic composition

A total of 410–45,284 16S rRNA gene sequences per sample were 
retrieved from the extracted DNA during the wetting experiments (for 
T3–T30 subsamples), 690–4,617 sequences per sample from the T0 

TABLE 1 Physicochemical parameters of the soil samples from January and June 2017, before and after the rain (6–7 June).

Date Parameters Unit YUN1242 YUN1609

Before rain (1/25/2017)

Coordinates
Latitude (S) 24.141 24.144

Longitude (W) 70.312 69.442

Soil Temp. °C 31.4 30.2

Air RH /Temp. %/°C 30.5/31.5 9.4/30.2

pH 8.9 8.4

ORP mV 226.1 230.7

EC μS/cm 311.5 589.3

UV A μW/m2 6503 3019

UV B μW/m2 658.3 360.5

UV C μW/m2 14 19.75

PAR μmol/m2s 1948 2584

Soil moisture % 1.7380 1.0909

After rain (6/19/2017) Soil moisture % 4.196 6.159

RH, Relative humidity; ORP, Oxidation–reduction potential; EC, electrical conductivity; UV, ultraviolet radiation; PAR, photosynthetic active radiation.

FIGURE 2

Profile of bacterial (A) and archaeal (B) 16S rRNA copies·g−1 (on a log 10 scale) in sampling sites YUN1242 and YUN1609 during the incubation at 5% soil 
moisture, 20°C, 12-h-light, and oxic environment. The means and standard deviations for observations per incubation time are represented via points 
and vertical lines, respectively. The raw data is in Supplementary Table S7.
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samples, and 555–1,599 sequences in both blank and reagent control 
experiments (Supplementary Table S3).

The quality control and rarefaction (retain samples with ≥1,500 
reads per sample) process provided 353,319 input sequences which 
resulted in 31,500 bacterial and archaeal Amplicon Sequence Variants 
[ASVs]. The ASVs were classified into 12 prokaryotic phyla accounting 
for 91% of the total sequences in the communities (Figure 3). All 
ASVs were classified at the kingdom level; 40.7% were assigned to 
genus and less than 2.3% to species.

The diversity of the YUN1242 microbial community was higher 
than the YUN1609 community, Shannon index averages over 
incubation time of 2.928 and 2.685 for YUN1242 and YUN1609, 
respectively (value of p < 0.05) (Supplementary Table S4A and 
Supplementary Figure S5A). The richness index showed a linear 
increase with time (value of p < 0.05) during the wetting experiments 
for the YUN1242 community, whereas the increase in richness for 
YUN1609 was not significant (value of p = 0.0532). Multiple linear 
regression analysis showed no significant difference in terms of their 
slopes (value of p > 0.05) (Supplementary Figure S6).

Eleven bacterial phyla (Actinobacteriota, Proteobacteria, 
Chloroflexota, Gemmatimonadota, Firmicutes, Bacteroidota, 
Planctomycetota, Nitrospirota, Cyanobacteriota, Acidobacteriota, 
Verrucomicrobiota) and one archaeal phylum (Crenarchaeota) jointly 
comprised 99% of the total community of both soils (samples and 
subsamples) (Figure  3A). The taxonomic analysis of the sequencing 
(control tubes) and DNA extraction (blank tubes) reagents revealed the 
presence of common contaminants observed in molecular techniques like 
Streptococcus (Salter et al., 2014). Although direct PCR of those tubes did 
not generate sequences that passed the quality score, nested PCR detected 
14 contaminant ASVs that represented less than 1% of abundance on 
average (from 2 to 113 ASV counts) of target samples 
(Supplementary Information Box 1). The nested PCR approach was 
employed for more stringent contaminant detection as described in 
Supplementary Information Box 1. These contaminant sequences were 
eliminated in the original samples or from the re-wetting experiments.

Actinobacteriota dominated bacterial abundance ranging from 65 
to 90% in the samples and subsamples from both sites (Figure 3A). 
Site had an important influence on Actinobacteriota distribution at 
the genus level. For example, the unclassified family Nitriliruptoraceae 
was predominant in the microbial communities from both sites 
(Figure 3B). Rubrobacter distribution was also similar in both sites. 
However, several groups were more abundant in one site or the other, 
e.g., the unclassified order Gaiellales was more abundant in YUN1609 
than in YUN1242 whereas the Streptomycetaceae family was more 
abundant in YUN1242.

Chloroflexi was most represented by Thermomicrobiales, 
Thermobaculales, and unclassified Class Gitt-GS-136 sequences 
(Botero et  al., 2004; Gupta et  al., 2013). The Gemmatimonadota 
phylum was represented mainly by Longimicrobia (Figure 3B; Pascual 
et al., 2016) in YUN1242 and YUN1609 samples. The Proteobacteria 
(now Pseudomonadota) phylum was mainly represented by the order 
Burkholderiales and Ferrovibrionales in YUN1609, and Rhizobiales 
in YUN1242.

Noteworthy is that some bacterial phyla that are common in other 
dryland soils, such as Cyanobacteriota, Bacteroidota, Firmicutes, and 
Acidobacteriota (Leung et al., 2020) were under-represented in the 
samples, each of them limited to one predominant ASV.

An ASV occurrence diagram revealed that only 1.4% of the 
identified ASVs belonged to the core community (present at T0 and all 
subsequent time points for both YUN1242 and YUN1609). This core 
microbial community group was comprised primarily of Rubrobacter, 
Thermobaculum, unclassified Nitriliruptoraceae, Gaiellales, 
Nocardioidaceae, Longimicrobiaceae, and Frankiales 
(Supplementary Figure S7C and Supplementary Table S5). The change 
caused by wetting is further evidenced by the fact that 84 and 87.6% of 
the ASVs present from T3 to T30  in YUN1242, and T6 to T30  in 
YUN1609, respectively, were not detected in the corresponding T0 
YUN1242 and YUN1609 samples (Supplementary Figures S7A,B). A 
particular group of interest are ASVs belonging to the genus 
Streptomyces in the YUN1242 community that were not detected in T0 
samples but became dominant by T30 (Figures 3B, 4B, 5A). Similarly, 
in YUN1609, the Sphingobacteriales order appeared at T30 (Figure 5D).

The site factor explained a larger proportion of the variation in 
microbial communities’ dissimilarity patterns (PERMANOVA site 
value of p < 0.005, R2 = 0.55). Six phyla were most strongly correlated 
with the different similarity patterns between the two soil microbial 
communities (BEST rho = 0.997), Actinobacteriota, 
Gemmatimonadota, Chloroflexota, Crenarchaeota, Proteobacteria 
(now Pseudomonadota), and Bacteroidota. The ordination analysis 
(NMDS) of all data (before and after wetting) revealed two well-
defined groups (Figure 4A). The relative abundances of four main 
bacterial phyla (Actinobacteriota, Gemmatimonadota, Chloroflexota, 
and Proteobacteria) explained the variation between the two groups 
(Spearman correlation over 0.50). The main difference between the 
groups is a higher abundance of Gemmatimonadota (average 3.73% 
vs. 0.13%), Chloroflexota (average 4.36% vs. 3.21%) and 
Actinobacteriota (average 86.70 vs. 84.27) in YUN1242 than in 
YUN1609 and a higher abundance of Proteobacteria (average 7.47 vs. 
2.78), in YUN1609 than in YUN1242 (Figure 4A).

The distribution (NMDS) of the most abundant actinobacterial 
orders revealed the unique composition of the YUN1242 and 
YUN1609 (PERMANOVA site value of p < 0.005, R2 = 0.39). Significant 
contributions to the differences in site community composition 
(Spearman’s correlation >0.75) were explained by 0319-7L14, and 
Gaiellales for YUN1609 and by Streptomycetales, Euzebyales, and 
Pseudonocardiales for YUN1242 (Supplementary Figure S8).

Ordination analysis of the distribution of the ASVs from the 
most abundant actinobacterial genera revealed the distinct response 
to soil wetting of the YUN1242 and YUN1609. Figures 4B, 5A,B 
shows the temporal increase of Streptomyces and concurrent 
decrease of unclassified family Nitriliruptoraceae, in the community 
of the YUN1242 experiment, and the stability of the community up 
to almost the end of the experiment in YUN1609 (see also 
Figure 3B).

A temporal analysis of the relative abundance of key ASVs assigned 
to each taxon showed the differences in the response of taxa from both 
sites to wetting. The low DNA concentrations retrieved from the replicate 
soil samples limited the yield of quality sequences from every time point 
and every flask. As shown in Supplementary Table S4B, the experiment 
generated from 0 to 3 data points from each site for each time point. 
Therefore, we looked for temporal changes in ASVs patterns based on a 
comparison of the first and second halves of the experiment (defined in 
Supplementary Table S6). The YUN1242 community showed a 
simultaneous significant increase of Streptomyces, Frankiales, and 
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Nocardioidaceae (Figures  5A,C, and Supplementary Figure S9B 
respectively, and Supplementary Table S6), and a significant decrease of 
unclassified Nitriliruptoraceae family (Figure  5B and 
Supplementary Table S6) (One-way ANOVA value of p < 0.01), and 

Parviterribacter from Thermoleophilia class (Supplementary Figure S9A 
and Supplementary Table S6) (One-way ANOVA value of p < 0.05) during 
the 30-day incubation period. The Streptomyces growth was modeled as 
an exponential profile (R2 = 0.99) up to day 15 (Supplementary Figure S10), 

FIGURE 3

Average of relative microbial abundance at Phylum (A) and Genus (B) level versus the incubation time using YUN1242 and YUN1609 soils. * Indicates 
the microbial abundance’s mean of replicates. Other genus  =  genus that have less than 1% of abundance in all the samples.
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and it represented more than 15% (average 41%) of the total community 
at day 30 (Figure  3B). Other abundant taxa, like Rubrobacter did 
not  show  significant changes for either soil community 
(Supplementary Figure S11A). In the YUN1609 community, a significant 
increase was observed in the relative abundance of Nocardioidaceae (from 
Actinobacteriota phylum) during the wetting experiment (Figure 5C). In 
addition, Sphingobacteriales, Burkholderiales and Ferrovibrionales showed 
an exponential increase after 15-day incubation (Figure 5D), but we were 
not able to collect enough data to statistically test the significance of that 
increase because sufficient sequence reads for analysis (> 1,500) were 
retrieved from just one of the three T30 flasks for the YUN1609 sample. 

Similarly, the increase of Pseudonocardiales, mainly represented by 
Pseudonocardia nigra previously isolated from AD soils (Trujillo et al., 
2017), was evidenced in YUN1242 sample in only one of the two replicate 
flasks (data not shown).

Differences between replicated 
experiments

Of additional interest were observed differences in the relative 
abundance patterns of specific phylotypes in replicates of the same 

FIGURE 4

Non-metric multidimensional (NMDS) scaling of Bray-Curtis similarities for fourth root transformed phylum abundance data (A) and vectors of phyla 
which relative abundance has a Spearman correlation >0.50 with ordination axes. (B) NMDS plot of samples using the fourth root-transformed 
microbial genera abundance data, overlaid with the segmented bubble plot showing the percentage contribution of seven selected genera from 
Actinobacteriota phylum (Streptomyces, Rubrobacter, Parviterribacter, unclassified Families Nitriliruptoracea and Euzebyaceae, unclassified Order 
Gaillales) and one selected from Bacteriodota, U. F. LiUU-11-161, to the whole community. T0 to T30 indicates the incubation time in days. R1 to R3 
indicates the replicate.
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treatment during the incubation experiment, i.e., (i) the relative 
abundance pattern of Rubrobacter (i.e., in ASV4) was significantly 
different (value of p < 0.05) in replicated flasks from YUN1242 
experiment (Supplementary Figure S11A); (ii) the relative abundance 
profiles of Gaillales ASVs were significantly different (value of p < 0.01) 
in the replicated flasks (Supplementary Figure S11B and 
Supplementary Table S6) from the YUN1609 experiment; and (iii) a 
sudden increase in the relative abundance of Gemmatimonadota 
sequences was significantly observed in only one replicated flask of the 
YUN1242 experiment (Supplementary Figure S11C).

Discussion

The literature provides evidence for the occurrence of active microbial 
communities in the AD soils with the capacity to respond to rain events; 
however, the data is based on natural events over large time periods 
(Schulze-Makuch et  al., 2018) under complex soil environmental 
conditions. The results of this study facilitate a detailed temporal analysis 
of the microbiome response of two hyperarid AD soil communities to a 
simulated rainfall event in the absence of nutrient amendment. The 
moisture conditions approximate a natural AD rainfall event.

General impact of site factor and soil 
moisture

The results confirm significant differences between the two 
hyperarid soil communities analyzed in this study. Initial 
bacterial and archaeal gene copy number and alpha diversity were 
significantly higher in the YUN1242 soil than YUN1609. Values 
for both soils were similar to previous reports from hyperarid 
regions of the AD; between BDL and 9.5 × 102 bacterial gene 
copies g−1 soil in 2016/2017 (Schulze-Makuch et al., 2018); 103 
bacterial gene copies g−1 soil (Fletcher et al., 2011; Valdivia-Silva 
et al., 2016), and between 2.7 and 6.7 × 103 cells g−1 soil estimated 
by DAPI (Crits-Christoph et  al., 2013). Archaea were less 
abundant than bacteria at both sites as has been reported in other 
arid and hyperarid soils (7% of the total prokaryotic soil biomass) 
(Bar-On et al., 2018).

Multiple factors can explain the greater abundance and diversity 
of bacteria and archaea at YUN1242 relative to YUN1609. Air RH was 
higher at the YUN1242 site (Table 1), a condition that can impact soil 
moisture levels under extreme hyperaridity (Neilson et  al., 2017; 
Schulze-Makuch et al., 2018). In addition, higher NaCl content in the 
YUN1242 surface soils (Supplementary Figure S1) may contribute to 

FIGURE 5

Relative abundance dynamics of taxa during the wetting experiments from the phylum Actinobacteriota (A–C): Streptomyces genus and non-assigned 
(NA) Streptomycetaceae family in YUN1242 (A); Predominant ASVs from Nitriliruptoraceae family in YUN1242 (B); Nocardioidaceae in YUN1609 and 
YUN1242 samples (C). Relative abundance dynamics of Sphingobacteriales, Burkholderiales and Ferrovibrionales in YUN1609 (D). Note that each point 
represents the relative abundance in a single replicated flask.
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the higher water content measured at this site (Vitek et  al., 2010; 
Neilson et al., 2017; Lee et al., 2018).

Finally, soil microbial community composition in the AD was 
previously found to be  strongly correlated with soil electrical 
conductivity (EC) and historically the YUN1242 EC was four times 
higher than that of YUN1609 (Neilson et al., 2017). The difference 
observed between the EC previously reported from 2015 and 2017 
YUN1242 samples could be  assigned to soluble salts downward 
remobilization typically evidenced in AD soil profiles (Ericksen, 1981; 
Rech et al., 2003; Voigt et al., 2020). We hypothesized that today’s 
microbial community correlate more to the history of high EC (2015) 
(Neilson et al., 2017), potentially associated to a more productive 
event, than the current (2017) (Table 1) EC level.

Following wetting, a significant increase in bacterial copy number 
was observed for both YUN1242 and YUN1609 soils (value of 
p < 0.02). The qPCR data confirm the presence of viable and 
metabolically active taxa in both soil microbial communities with the 
capacity for replication in response to simulated rainfall. In contrast, 
the archaeal gene copy number decreased in soils from both sites 
(Figure 2B). These results indicate that bacteria from the hyperarid, 
nutrient-poor soils of the AD are resilient and can have a growth 
response to wetting events that occur even in the absence of added 
nutrients. In contrast, the response of the archaea suggests lower 
resilience which is consistent with previous findings on the impact of 
aridity on archaea relative abundance (Neilson et al., 2017).

General microbial community functional 
capacity

The structure of the microbial communities at the phylum level 
remained stable after hydration (Figure 3). This response is distinct 
from that observed with biocrusts from a hyperarid region in the 
Negev Desert, where a drastic collapse of Actinobacteriota occurred 
(Angel and Conrad, 2013; Baubin et al., 2022). Despite community 
stability at the phylum level, dynamic, but distinct shifts were observed 
within the actinobacterial community for both the YUN1242 and 
YUN1609 soil microbiomes. Further, more than 12% of the ASVs 
present at day 15 were not detected in the T0 communities of either 
site. Previous research has shown that both dead and living 
microorganisms are present in the hyperarid soils of the AD as 
indicated by measurable extracellular DNA (eDNA) and intercellular 
DNA (iDNA), respectively (Schulze-Makuch et  al., 2018). Thus, 
we assume that a significant portion of the T0 ASVs were associated 
with eDNA or dead microorganisms. This group represents an 
important component of the soil organic matter available as nutrients 
for the survival and growth of viable microbial populations. The 
analysis of fluctuations in relative abundances of specific phylotypes 
(growing, persisting, or declining) during the 30-days of the wetting 
experiment targets the viable and metabolically active ASVs in the 
microbial communities and provides predictions for the functional 
capacities and survival mechanisms of microbial communities 
colonizing hyperarid soils of the AD.

Both soil microbiomes included specialist taxa adapted to survival 
in saline and dry environments. Adaptations include the production 
of: (1) endogenous compatible solutes by Nitriliruptoraceae (Chen 
et al., 2020) that include small organic molecules such as sugars and 
amino-acids, involved in cell protection against osmotic pressure and 

desiccation (Vargas et  al., 2006); and (2) biopolymers like 
polyhydroxyalkanoates (PHA) by Rubrobacter which are considered 
extremolytes (Kourilova et al., 2021). PHAs not only serve as a reserve 
of carbon, energy, and nitrogen for cell survival during starvation 
(Vargas et  al., 2006), but also contribute to the organic matter 
associated with dead cell debris (Jansson and Hofmockel, 2020). The 
relative abundance of Rubrobacter is greatest in YUN1609; however, 
the total bacteria abundance (16S rRNA copy number) is greater in 
YUN1242 so the Rubrobacter absolute abundance is actually providing 
higher levels of PHA reserves for the YUN1242 than the 
YUN1609 communities.

Results showed a decrease in Nitriliruptoriales relative abundance 
in both communities beginning at T12 for YUN1242 and by T30 for 
YUN1609. This pattern demonstrates a common feature of desert soils 
in which the growth of one microbial group comes at the expense of 
the cell death of other members of the community (Angel and Conrad, 
2013). Despite the observed decrease in Nitriliruptoriales relative 
abundance in YUN1242, the total abundance actually plateaued 
(Figure 6) due to the overall increase in the total bacterial cell number 
(qPCR analysis of 16S rRNA bacterial copy number). In contrast, the 
total abundance of Nitriliruptoriales decreased after T15 for YUN1609. 
It is likely that Nitriliruptoriales was less competitive in the respective 
communities due to a lower affinity for OC relative to the other 
oligotrophic taxa within the community (Figure 6). The compatible 
solutes produced by Nitriliruptorales provide more easily degraded 
OC for the community than the PHA, produced by Rubrobacter, 
whose degradation potential has been reported by a dozen phyla 
(Viljakainen and Hug, 2021; Figure 6).

In contrast, Rubrobater was more persistent in both 
communities after wetting. This is potentially due to the ability 
of this taxon to store carbon in PHAs (Kourilova et al., 2021) and 
to its reported ability to co-assimilate organic and inorganic 
carbon through a mixotrophic growth strategy. Rubrobacter uses 
the acetyl-CoA pathway (Leon-Sobrino et al., 2019) supported by 
available energy resources in desert soils such as light and 
hydrogen (Meier et al., 2021). In addition, the Rubrobacter genus 
has been described as a “CO tolerant capnophilic, nitrogen 
scavenging oligotroph” (Norman et  al., 2017). Taxa from the 
Rubrobacterales order are considered active members of the 
Yungay soils microbial communities based on their identification 
in the iDNA fraction (Schulze-Makuch et al., 2018), and in the 
Namib desert where that family represented 7% of the active 
microbial community (Leon-Sobrino et al., 2019). Despite their 
resilience, a decrease in relative abundance was observed at the 
end of this experiment in YUN1609.

Increases in the Nocardioidaceae family were observed in 
both communities after T9. Members of this oligotrophic and 
motile family Marmoricola and Marmoricola like (Bartelme et al., 
2020; Zhang et al., 2021) produce extracellular enzymes mainly 
involved in N-recycling such as aminopeptidases. Not only that 
but Marmoricola are also characterized by a higher affinity for 
OC (low Km for organic molecule transport), lower energy 
requirement for cell maintenance, and low respiration activity 
(Semenov, 1991). In addition, Nocardioidaceae along with other 
taxa present in the YUN1242 community following soil wetting 
(Streptomyces, Frankiales, and Pseudonacardia) are characterized 
by sporulation and mycelia production. Taken together these 
microbial properties are important because prior to wetting, soil 
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dryness and heterogeneity create isolated conditions (Neilson 
et  al., 2017; Petrenko et  al., 2020) limiting symbiotic, 
commensalistic, and competitive interactions between taxa. 
Immediately after wetting, the resulting water films facilitate 
spore germination and mycelia formation, microbe-microbe 
interactions and create greater potential essential shared resource 
utilization within the microbial communities. Soil wetting can 
enhance the production of these extracellular enzymes to improve 
the utilization of OC available following the cell death of other 
microorganisms. Similar increases in the abundance of soil 
Actinobacteriota capable of producing aminopeptidase enzymes 
involved in N-cycling under drought (i.e., Streptomyces, 

Marmoricola, and other Nocardioides) have been previously 
reported (Zhang et al., 2021).

Specific functional potential of the 
YUN1242 microbiome

The initial YUN1242 community composition differed from 
YUN1609 by a greater relative abundance of Gemmatimonadota and 
Choroflexota phyla (Figures  3, 4A). In addition, within the 
Actinobacteriota phylum, YUN1242 was characterized by a greater 
relative abundance of Euzebyales order (Nitriliruptoria class, 

FIGURE 6

Approximation to total (A,B) and specific (C,D) cell organic carbon content (OC) of YUN1242 (A,C) and YUN1609 (B,D) estimated assuming 4.2 as the 
average 16S copy number per cell (Vetrovsky and Baldrian, 2013) and the relative abundance of each taxa. The insert in (D), with a different Y axis scale, 
was included to improve the understanding. Only the main taxa responsible for microbial community dynamics were included.
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Actinobacteriota) (Figure  3B). Interestingly, both Euzebyales and 
Nitriliruptorales are specialized to survive in saline environments 
(Neilson et al., 2017; Yin et al., 2018), however, unlike Nitriliruptorales, 
the Euzebyales relative abundance was sustained throughout the 
wetting experiment. The higher relative abundance of these taxa in 
YUN1242 is logical, considering the history of higher Cl− and EC 
levels observed at this site relative to YUN1609 (Neilson et al., 2017).

After hydration, significant changes were observed in the YUN1242 
microbial community within Actinobacteriota (Supplementary  
Figures S7, S9, S11). Increases in the relative abundances of Streptomyces 
and Frankiales were observed beginning at T9 and T12, respectively, with 
concurrent decreases in the relative abundances of Nitriliruptorales (initial 
relative abundance 37.8%) and Parviterribacter (initial relative abundance 
4.2%). These results resemble what was previously observed in culturing 
experiments with AD hyperarid soils (Schulze-Makuch et  al., 2018). 
Parviterribacter is reported to have a saprophytic lifestyle based on their 
preference for complex proteinaceous substrates and glucose as carbon 
sources observed in the strains isolated from Namibian desert soil (Foesel 
et al., 2016). Thus, this phylotype may have thrived during more active 
episodes following precipitation events. Cell death of Nitriliruptorales and 
Parviterribacter provides OC for the growth of Streptomyces and 
Frankiales during the experiment (Figures  4B, 5A and 
Supplementary Figure S9B). A recent calculation revealed that soil 
microbial biomass accounts for more than half the OC in soils from 
agricultural, grassland, and forest ecosystems (Liang et al., 2019), and it is 
hypothesized that microbial biomass comprises an even greater 
percentage of the OC reserves in deserts (Azua-Bustos et al., 2017).

The results suggest a mixotrophic growth strategy for Streptomyces 
and Frankiales within this hyperarid microbial community. The cell 
growth observed (Figure 2) in YUN1242 soils suggests an estimated 
13-fold increase in OC content by T6 to T9 [an approximation of the cell 
OC content was estimated by the reported OC content per cell, 
26.02 ± 1.08 fg C cell−1 (Troussellier et al., 1997), and the 16S rRNA gene 
copy numbers determined by qPCR, assuming the occurrence of 4.2 16S 
rRNA gene copy per cell in all the taxa based on the average number 
reported (Vetrovsky and Baldrian, 2013; Figures 2, 6)]. The mixotrophy 
strategy combines heterotrophy (supplied by OC from microbial cell 
death) and autotrophy (chemolithotrophy, phototrophy) (Stoecker et al., 
2017) for carbon acquisition when OC supplies are limited.

Obligate and facultative CO and H2-supported autotrophic 
metabolisms have been confirmed in the Streptomyces genus (Kim and 
Goodfellow, 2002). Threshold values of 0.2 μL L−1 of CO were 
estimated for S. thermoautotrophicus growth which is comparable to 
levels observed in various soils (Gadkari et al., 1990). The appearance 
of Streptomyces at T9 (0 to >30% of relative abundance) (Figures 3B, 
5A) was potentially supported by the occurrence of carboxydotrophy/
hydrogenotrophy in YUN1242. Reduced growth and cell death of 
Nitriliruptorales probably resulted from exhaustion of intracellular OC 
reserves and the inability to compete with the (Troussellier et al., 1997) 
faster growth of Streptomyces based on its mixotrophic growth 
strategy. An H2-supported growth capacity previously reported for 
Frankia (Sellstedt and Richau, 2013) could also allow this phylotype 
to contribute to the mixotrophic metabolism of the microbial 
community, and explain the increase in Frankia relative abundance in 
the YUN1242 wetting experiment.

Nitrate reduction has been suggested as the main source of 
available N2 in desert soils (Leon-Sobrino et  al., 2019). Several 
members of the obligate aerobic genus Streptomyces can reduce 

nitrate (Fischer et al., 2014) which could allow Streptomyces to couple 
CO oxidation to nitrate reduction to nitrite (dissimilatory nitrate 
reduction) or dinitrogen (denitrification) (King and Weber, 2007; He 
et  al., 2021). The capacity of Frankia for fixing N2 suggests a 
syntrophic association in the proliferation of these two phylotypes. 
In addition, the Frankia genus demonstrates uptake hydrogenase 
activity (Tisa et  al., 2016) that facilitates the recycling of the H2 
produced by nitrogenase during N2 fixation, thus improving the 
efficiency of N2 fixation (Gtari et  al., 2012, 2019). H2 oxidation 
provides energy (ATP), reducing equivalents, and removes O2 which 
improves nitrogenase activity (Tamagnini et  al., 2002). Thus, 
we propose a syntrophic association between Streptomyces growth 
respiring nitrate and Frankia N2 fixation, and H2 production.

The Gemmatimonadota and Choroflexota phyla add to the 
metabolic potential of the YUN1242 microbiome. Gemmatimonadota 
are associated with multiple assimilative and dissimilative N processes, 
including the ability to perform the terminal step in denitrification by 
NO2 removal (Chee-Sanford et al., 2019). In addition, Longimicrobiacea 
(Gemmatimonadota) is an oligotrophic microorganism capable of 
storing intracellular polyphosphate granules, a potential phosphorous 
source for the growing community. This taxon has also been added to 
the list of bacterial phyla containing anoxygenic phototrophic species 
(Bull et al., 2018; Koblizek et al., 2020; Mujakic et al., 2021; Zeng et al., 
2021). Chloroflexota (Figure  3) includes Thermobaculum, a 
non-phototrophic gram-positive, heterotrophic, thermophile (Botero 
et al., 2004; Kuhlman et al., 2006; Kiss et al., 2010; Kunisawa, 2011; 
Gupta et al., 2013). This phylotype has the potential to use CO and H2 
as energy sources for growth based on evidence from one of its closest 
relatives, Thermomicrobium roseum, that can persist mixotrophically 
on atmospheric gases (Wu et al., 2009; Houghton et al., 2015; Islam 
et  al., 2019). Chloroflexota in general have a wide distribution of 
enzymes responsible for mixotrophic metabolisms using reduced 
gasses (Islam et al., 2019) and they have been reported to colonize new 
soils after volcanic eruptions (Hernandez et  al., 2020; Sterling 
et al., 2022).

Specific metabolic potential of the 
YUN1609 soil microbiome

The YUN1609 soil microbial community was characterized by 
significantly lower T0 microbial biomass than YUN1242 (lower total 
bacterial and archaeal abundance). YUN1609 had a greater and more 
significant relative abundance of Gaiellales relative to YUN1242 
(Figures 3B, 4B). From T0 to T15, carbon fixation is suggested to play 
a relevant role in the microbial community persistence and growth 
based on the CO2 fixation capacity predicted by the genome analysis 
of the Gaiella occulta and the growth of marine isolates from this 
taxon in an inorganic medium (Chen et al., 2021). Nitrate reduction 
was also evidenced by culturing the type strain (Severino et al., 2019; 
Chen et al., 2021; Ai et al., 2022). The greater relative abundance of 
Gaiellales in the YUN1609 community relative to YUN1242 could 
be explained by the low salt tolerance of the type strain Gaiella occulta 
(Albuquerque et al., 2011). YUN1609 soils have a history of lower 
Cl− and EC levels than YUN1242.

Furthermore, nitrate reduction was previously predicted for two taxa 
with higher abundance in YUN1609, the Unclassified Class 0319-7L14 
(Zhang et al., 2019) and the Family 67–14 (Kantor et al., 2017). The 
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Unclassified Class 0319-7L14 isolated from Australian arid soils, was 
reported in an arid soil ecosystem in China, and in semiarid, unseeded 
control sites during mine waste revegetation in the US (Shange et al., 2012; 
Zhang et al., 2019; Ossanna et al., 2023). The Family 67–14 was isolated 
from a thiocyanate stock bioreactor (Kantor et al., 2017).

After T15, the appearance of new taxa outside Actinobacteriota 
phylum was observed. These included the Unclassified LiUU-11-161 
(Eiler and Bertilsson, 2004) (Sphingobateriales/Bacteroidota), Zoogloeae 
(Rossello-Mora et  al., 1995), uncultured Commamonadaceae, 
Rhodoferax genera (Burkholderiales), and Ferrovibrio (Ferrovibrionales
/Alphaproteobacteria) (Dahal and Kim, 2018; Figure 3). A simultaneous 
decrease in Nitriliruptorales (Figure 3) relative abundance and in overall 
estimated viable cell OC was observed.

Rhodoferax and Zoogloea genera, are capable of carbon and 
N2 fixation, respectively. Anaerobic, photoheterotrophic or 
photoautotrophic (using H2 or reduced sulfur compounds 
[RSC]), aerobic heterotrophic, anaerobic fermenter, N2 fixation 
(Willems, 2013), iron-reducing and microaerobic Fe(II) oxidation 
(Kato and Ohkuma, 2021) metabolisms, have been evidenced in 
Rhodoferax genus (Comamonadaceae/Burkholderiales). Capacity 
for nitrate reduction and N2 fixation was reported in Zoogloea 
genus from Rhodocyclaceae family (Dahal et  al., 2020). In 
addition, Zoogloea sp. N299 was described as an aerobic 
oligotrophic denitrifier isolated from autotrophic nitrate removal 
reactors (Huang et al., 2015). Nitrate reduction was reported as 
well in Ferrovibrio genus (Dahal and Kim, 2018). Furthermore, a 
key role in reductive sulfate assimilation and cycling has been 
also suggested for Burkholderiales in soil desert environments 
(Leon-Sobrino et al., 2019).

We argue that the proposed low level of carbon fixation 
activity sustained during the first 15 days of the experiment by 
Gaillales and Rubrobacter provided carbon reserves for the 
increase in the relative abundance of new taxa at the end of the 
experiment (Nocardiodaceae, Zoogloea, Rhodoferax and 
Ferrivibionales). The decrease in Nitriliruptoraceae provided 
potential OC reserves as explained for YUN1242. The new 
phylotypes increased the proposed functional capacity of this 
microbiome for nitrate reduction in aerobic/microaerobic 
conditions, nitrogen fixation, and iron oxidation/reduction. 
These slow-growing oligotrophic microorganisms that can use 
inorganic sources of energy appear to be able to compete for the 
scarce OC at the end of the experiment. However, the proposed 
mixotrophic metabolic capacity that evolved in the YUN1242 
microbiome in response to soil wetting was not observed in this 
community. We maintain that the 4-fold lower microbial biomass 
content as estimated by 16S rRNA gene copy number at T0 may 
explain this difference in metabolic capacity.

It is important to note that some potential conclusions from this 
research were limited by the difficulties in obtaining sufficient DNA 
from all replicates at each time point and the significant differences 
observed between replicates at a few time points. The variation 
observed between replicate flasks could be explained by the occurrence 
of isolated assemblages in the hyperarid environments (Neilson et al., 
2012) which were probably due to the restricted motility expected for 
microorganisms in soils of low aw (Kim and Goodfellow, 2002; Jones 
et al., 2018). The results obtained from this research will guide future 
experiments to characterize the distinct metabolic capacities of these 
two communities.

Conclusion

The erratic precipitation events that control the metabolic activity 
of desert soil microbiomes are extremely rare in the core region of the 
AD. The results from this controlled, temporal analysis demonstrated 
the presence of viable cells in AD hyperarid soils with sufficient 
resources to support growth following a precipitation event despite 
such extended periods of desiccation. Thirty-day changes in the 
bacterial community composition of the studied sites revealed two 
distinct predicted strategies for survival. Initial bacterial and archaeal 
abundance and their associated nutrient reserves were significantly 
greater in the YUN1242 community. The YUN1242 microbiome 
evolved quickly from a community dominated by taxa that can 
accumulate resources to survive (Nitriliruptoraceae, Parviterribacter, 
and Rubrobacter) to one dominated by spore-forming, mixotrophic 
taxa able to use microbial biomass, and atmospheric gases to fix CO2, 
and N2, with O2 and nitrate used as electron acceptors. In contrast, 
slow biomass accumulation of facultative autotrophic taxa 
characterized growth in the drier YUN1609 community. The proposed 
syntrophic association between Streptomyces growth respiring nitrate 
and Frankia N2 fixation, and H2 production in the YUN1242 suggests 
a capacity for critical microbe-microbe associations in this soil 
microbiome following a rainfall event. The results indicate that slight 
differences in available moisture for extreme hyperarid soil microbial 
communities can have significant impacts on community 
composition, functional potential, and responses to soil wetting. The 
microbial profiles and proposed metabolic strategies, including 
microbial interactions, defined by this study can be used as long-term 
biomarkers of hyperaridity, potential biosignature distribution on 
other planets, and for bioprospecting novel biological capacities.

Materials and methods

Sample collection

We studied previously characterized surface soils of a hyperarid 
region in the AD (Neilson et al., 2017). Hyperarid sites YUN1242 and 
YUN1609 were selected from five previously characterized hyperarid 
sites along the transect due to their distinct microbial communities. 
YUN1242 and YUN1609 had average soil relative humidity values of 
20.9 and 17.2%, respectively. YUN1242 is located close to the coast 
with exposure to coastal fogs, whereas YUN1609 is over 90 km further 
inland beyond the coastal fog zone. Further, distinct microbial 
communities were observed at the two sites in samples collected in 
2012 (Neilson et al., 2017). For example, Pseudonocardiaceae (20% 
relative abundance) and Euzebya (11%) comprised 33% relative 
abundance of the YUN1242 bacterial/archaeal community, whereas 
the relative abundances of these taxa in YUN1609 soils were just 0.2 
and 0.3%, respectively. In contrast, the YUN1609 soils were dominated 
by Acidimicrobiales_koll13 (45% relative abundance) and Gaiellaceae 
(11%); two taxa with relative abundances of just 5 and 1% in the 
YUN1242 community.

The samples YUN1242, and YUN1609 were collected from the 
west–east southern Yungay (YUN) transect, on 25th January 2017 
(Figure  1). Global Positioning System (Garmin GPSMAP  60CSX) 
coordinates, and elevations for all sites are listed in Table 1. Using a 
thermo-hygrometer (Hanna Instruments Inc., United  States), 
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temperature and relative humidity parameters for each site were 
determined from a 50 cm deep soil pit. UVA, UVB, and UVC irradiances 
and photosynthetic active radiation (PAR) were measured with a 
portable photo-radiometer HD2302.0 (Delta OHM, Italy). In addition, 
three soil samples were collected, using sterilized instruments, from 
three different sidewalls at a 10–20 cm depth of each pit and stored in 
sterile transparent reclosable bags. The bags were sealed with tape, kept 
in a cooler and transported immediately to the lab (less than 100 km 
away from the site), and stored at environmental temperature (~20°C).

Soil analysis

The bags were unsealed in the lab and gravimetric moisture 
content was immediately measured. Moisture contents were 
determined in triplicate for each site. The soil sample (10 g) was added 
to a glass petri dish, incubated at 105°C for 24 h, and weighed after the 
dish was cooled down for 2 h. The procedure was repeated to obtain a 
constant result (<0.1%) between two successive weights (Blaska and 
Fisher, 2014). Soil pH, electrical conductivity (EC), and redox potential 
(ORP) were determined in a 1:1 slurry of 2 mm-sieved soil in distilled 
water after 1 h of shaking followed by 1 h of rest by using a Hanna HI 
9829 multiparameter as described before (Neilson et al., 2017).

Wetting experiments

Immediately after having the result of the GWC of the samples 
(5 days after sampling), we started the experiment to determine the 
potential effects of wetting on both soil microbial communities. 
We sieved (<2 mm) 50 g of every soil sample, which were then added 
to sterile 250 mL flasks (Supplementary Figure S3). This procedure was 
repeated for each of the three soil samples collected from each site. 
Sterile water was introduced directly to the soil surface of the flasks 
until it reached 5% of moisture to simulate desert rainfall. The 5% 
moisture level was selected based on records of gravimetric moisture 
contents from desert soils following rainfall events and confirmed by 
samples collected from the two sample sites following the June 2017 
rainfall event (Table 1). June 2017 moisture contents were 4.196 and 
6.150% for sites YUN1242 and YUN1609, respectively. Afterwards, 
flasks were sealed with hydrophobic cotton and incubated for 30 days 
at 20°C under light-oxic conditions. The moisture was controlled by 
the measurements of weight difference at regular intervals throughout 
the experiment to maintain a 5% GWC considering the water retention 
observed in soils after rain events (Table 1; Pfeiffer et al., 2021).

Subsamples were retrieved from every flask on days 0, 3, 6, 9, 12, 
15, and 30 of incubation and DNA was immediately extracted from 
2 g of wet-weight soil from each sample, including a blank tube with 
the DNA-free reagents used, according to FastDNA SPIN kit for soil 
method (MPbio, United  States). We  quantified the DNA with a 
Fluorimeter (Quantus, Promega, United  States), and the DNA 
integrity was measured by a Nanodrop NP1000 spectrophotometer 
(NanoDrop Technologies, United States) labeling the ratio of DNA/
RNA 260/230 and the ratio of DNA/protein 260/280. The obtained 
concentration of all the subsamples ranged from 18 to 900 ng of DNA 
g-1 dry soil (Supplementary Figure S4). The extract concentration was 
less than 0.5 ng μL−1 in the control tests. Most of the extracted DNA 
showed acceptable quality (0.9–2.0 A 260/280).

qPCR analysis

The abundance of Bacteria and Archaea was quantified in 
duplicate by quantitative-polymerase chain reaction (qPCR) using 
Bacteria (UniBactF336: GACTCCTACGGGAGGCAGCA, 
UniBactR937: TTGTGCGGGCCCCCGTCAAT) and Archaea 
universal primers for 16S rRNA gene (ARC344F: ACGG 
GGNGCANCAGGCG, ARC915R: TGCTCCCCCGCCAATTCC) 
(Demergasso et al., 2010). The correlation coefficient for the standard 
curves was 0.99 and the PCR efficiency was on average 93%. In each 
periodic DNA extraction, control was also performed from the Kit 
reagents. A Rotor-Gene Q Real-Time Cycler (Qiagen, United States) 
was used for qPCR reactions and the data was processed using its 
software. Each reaction was 10 μL in volume and contained the 
following mixture: 5 μL of SensiMix SYBR No-Rox Kit (Bioline, 
United Kingdom), 2 μL nuclease-free water, 1 μL of the corresponding 
oligonucleotide primer (0.5 μM), and 1 μL of the template. The 
bacterial amplification program consisted of 40 cycles of 95°C for 30 s, 
65°C for 30 s, and 72°C for 20 s while the archaeal program consisted 
of 40 cycles of 95°C for 40 s, 65°C for 40 s, and 72°C for 20 s. 16S rRNA 
gene copy number per g of each subsample was determined, as 
reported previously (Remonsellez et al., 2009), using the equation:

 
copies g copies l dilution g of initial wet weight/ / /= ( ) ∗ ∗( )µ 100  

In addition, DNA was used for high-throughput sequencing.
That number of copies was considered equivalent to 4.2 times the 

number of cells [assuming 4.2 16S rRNA gene copies per cell 
(Vetrovsky and Baldrian, 2013) and was used for estimating the 
specific cell number of each taxon (taxon relative abundance [%] * 
total bacterial cell numbers), and the total and specific microbial OC 
(total bacterial + archaeal cell numbers * OC content per cell, and 
specific cell numbers * OC content per cell, respectively)]. We used 
26.02 ± 1.08 fg C as the OC content per cell (Troussellier et al., 1997).

16S rRNA sequencing

Sequencing was performed with 42 subsamples (triplicates of the 
7 time points during incubation of both soil pits) and 7 blanks (DNA 
extraction reagents) as well as 6 controls (sequencing reagents) 
according to the following procedure. The hypervariable V4 region of 
the 16S rRNA gene was amplified from each sample using unique for 
each sample barcoded reverse primers (806R: GTGYC 
AGCMGCCGCGGTAA) and a common forward primer (515F: 
GGACTACNVGGGTWTCTAAT). Both the reverse and the forward 
primers were extended with the sequencing primer pads, linkers, and 
Illumina adapters (Caporaso et al., 2012). The PCR was performed 
using MyFi™ Mix (Bioline Meridian, Cat. No. BIO-25050) on 
LightCycler 96 (Roche) in the final volume of 40 μL. Amplicons were 
quantified using the Quant-It PicoGreen dsDNA Assay kit 
(ThermoFisher Scientific, Cat. No. P7589), according to the 
manufacturer’s protocol. Equal amounts of amplified DNA (120 ng) 
from each sample were pooled into a sequencing library followed by 
removing DNA fragments smaller than 120 bp (unused primers and 
dimer primers) with UltraClean PCR Clean-Up Kit (MoBio, Cat. No. 
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12500). The final amplicon concentration was quantified by qPCR with 
KAPA Library Quantification Kit for Illumina Platforms (KAPA 
Biosystems, Cat. No. KK4854) in the presence of the set of six DNA 
standards (KAPA Biosystems, Cat. No. KK4905). Subsequently, the 
library was diluted to a concentration of 4 nM, and denatured with 
0.1 N NaOH. The library was sequenced at the Microbiome Core at the 
Steele Children’s Research Center, University of Arizona, using the 
MiSeq platform (Illumina) and custom primers (Caporaso et al., 2012). 
Due to the limited sequence diversity among 16S rRNA amplicons, 5% 
of the PhiX Sequencing Control V3 (Illumina, Cat. No. FC-110-3001) 
was used to spike the library to increase diversity. The raw sequencing 
data were demultiplexed and barcodes trimmed using idemp script.1

The accuracy of microbial community surveys based on universal 
marker genes suffers from the presence of contaminant DNA sequences 
not truly present in the sample that can come from various sources, 
including reagents. Contaminant ASVs were identified using a 
nested-PCR approach as described in the Supplementary  
Information Box 1. Low levels of contaminant sequences from 2 to 113 
ASV counts per sample were detected which represented an average of 
less than 1% of abundance in target samples (Supplementary  
Information Box 1).

Taxonomic and phylogenetic analysis

Demultiplexed fastq files were received and subjected to primer 
removal, filtered by sequence quality (for keeping Ph quality over 30, 
so paired reads are formed with 253 bp), denoised, merged, and 
chimaera removal using the DADA2 pipeline (Callahan et al., 2016). 
All filtered-merged sequences were assigned to amplicon sequence 
variants (ASV) by the DADA2 pipeline. The representative reads were 
mapped to the SILVA database (release 138) (Quast et al., 2013). Then 
we used the Phyloseq (version 1.42.0) pipeline to (a) eliminate taxa 
with one read, (b) remove taxa with less than 0.005% mean relative 
abundance across all read counts, (c) eliminate samples having less 
than 1,000 reads, and (d) remove the 14 bacterial sequences (n° of 
ASV 9, 20, 23, 19, 2, 18, 38, 29, 57, 58, 69, 72, 167, and 178) found in 
controls and blanks having less than, on average, 1% of abundance in 
targeted samples (Supplementary Data Box 1). We  detected from 
1,075 to 37,811 reads per sample for YUN1242 and 132 to 21,505 
reads per sample for YUN1609 (Supplementary Table S3). 
We calculated histograms and rarefactions curves to standardize the 
sequence number using the rarefy_even_depth function from the 
Phyloseq package to standardize the sequence number. Most 
sequences were distributed around 1,500–5,000 reads counts 
(Supplementary Figure S12A) and we proceeded to rarefy the data to 
the smaller sample size of 1,500 reads (Supplementary Figure S12B). 
Finally, the read number by sequence, taxonomy table, and categorical 
variables (called sites, replicates, and days) associated with the samples 
were integrated and kept in a Primer-7 software package [Plymouth 
Marine Laboratory, Plymouth, United Kingdom (Clarke and Gorley, 
2015)]. The ASV diagram was made using the website2 previously 
described (Oliveros, 2007–2015).

1 https://github.com/yhwu/idemp

2 https://bioinfogp.cnb.csic.es/tools/venny/

The diversity (Shannon, H′), and richness (Margalef) indices 
were also calculated using the measures included in the 
PRIMER-7 software package based on the relatedness of the 
species within a sample.

Statistical analysis

Soil bacterial and archaeal total abundance (copies·g−1 of soil) 
were modeled as a function of the sampling site (YUN1242 and 
YUN1609) and incubation time (T0, T3, T6, T9, T12, T15, and T30) 
to determine significant differences between the levels of these factors 
(Supplementary Table S7). Modeling was carried out by using two-way 
repeated measures ANOVA. A log 10 transformation was used to meet 
ANOVA’s assumptions. In the multiple testing, value of p correction 
via the Benjamini–Hochberg false discovery rate (FDR) was 
performed. Model fitting and pairwise multiple comparisons were 
performed using the statistical software R 3.6.0. (R Core Team, 2018) 
and car, tidyverse and rstatix packages.

In order to compare Shannon and Margalef indices between 
both samples (including all the subsamples obtained from a 
single site during the incubation time in one group), a box plot 
was created, and a t-test was applied using KaleidaGraph version 
4.5.4 for Windows, Synergy Software, Reading, PA, United States.3 
Simple linear regression was used to fit the Margalef index 
distribution among incubation days for both samples (confidence 
bands were also calculated). Multiple linear regression was used 
to assess the difference in the slopes throughout an interaction 
term. The abundance of Amplicon Sequence Variances (ASVs) in 
different samples and at incubation time (days) was analyzed 
using Primer-7 (Primer -E) software (Clarke and Gorley, 2015). 
We  used the fourth root transformation to homogenize the 
amounts of ASVs and thus reduce the dominance effect. A 
similarity matrix (resemblance) was constructed using the Bray-
Curtis method (Bray and Curtis, 1957) included in Primer V7 
software (Clarke and Gorley, 2015). We  used non-metric 
multidimensional scaling (NMDS), included in Primer-7, to 
build a restricted arrangement of the ASVs or groups of other 
taxonomic levels based on the experiment design: (i) phylum 
abundance data; (ii) abundance of actinobacterial orders; (iii) 
microbial genera abundance data, overlaid with the segmented 
bubble plot (Clarke and Gorley, 2015) showing the percentage 
contribution of selected genera.

We performed a significance test using the permutational 
multivariate analysis of variance (PERMANOVA function) 
(Anderson, 2001) when Bray Curtis dissimilarity was tested  
with 10,000 permutations. Two factors were evaluated: Site 
(YUN1242 and YUN1609) and incubation time (0, 3, 6, 9, 12, 15, 
30 days).

In addition, we  analyzed the dynamics of the relative 
abundance of specific taxa during the wetting experiment. 
We performed one-way ANOVAs to evaluate the significance of 
the changes regarding the three identified factors, incubation 
time, sites, and replicates (flasks).

3 www.synergy.com
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