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Abstract

Elucidating complex interactions between bacteria and fungi that determine microbial community structure, composition, and
functions in soil, as well as regulate carbon (C) and nutrient fluxes, is crucial to understand biogeochemical cycles. Among the various
interactions, competition for resources is the main factor determining the adaptation and niche differentiation between these two big
microbial groups in soil. This is because C and energy limitations for microbial growth are a rule rather than an exception. Here, we
review the C and energy demands of bacteria and fungi—the two major kingdoms in soil—the mechanisms of their competition for
these and other resources, leading to niche differentiation, and the global change impacts on this competition. The normalized microbial
utilization preference showed that bacteria are 1.4-5 times more efficient in the uptake of simple organic compounds as substrates,
whereas fungi are 1.1-4.1 times more effective in utilizing complex compounds. Accordingly, bacteria strongly outcompete fungi for
simple substrates, while fungi take advantage of complex compounds. Bacteria also compete with fungi for the products released during
the degradation of complex substrates. Based on these specifics, we differentiated spatial, temporal, and chemical niches for these two
groups in soil. The competition will increase under the main five global changes including elevated CO,, N deposition, soil acidification,
global warming, and drought. Elevated CO,, N deposition, and warming increase bacterial dominance, whereas soil acidification and
drought increase fungal competitiveness.

Keywords: carbon and energy availability, carbon and energy fluxes, exploitative competition, interference competition, microbial

community, soil organic matter

Introduction

Bacteria and fungi are by far the key living components in soils
in terms of biodiversity, biomass, and their impacts on biogeo-
chemical processes [1]. They always coexist with each other in
soils and form complex interactions [2, 3] that are crucial for their
survival, adaptation, establishment, maintenance, and functions
[4]. These ubiquitous interactions can be classified within classi-
cal ecological theory as mutualism (a win-win interaction), com-
petition (a loss-loss interaction), commensalism (a win-neutral
interaction), parasitism (a win-loss interaction), amensalism
(a loss—neutral interaction), and neutralism (a neutral-neutral
interaction) (Glossary Box). Among these interaction types,
competition for resources dominates these interactions in soils
[5, 6]. Consequently, microbial adaptation predominantly involves
competitive success [7]. This is because competition for limited
space and resources (e.g. carbon [C] and energy sources, nutrients,
water) is pervasive [8, 9]. Competition is also an important mecha-
nism to increase microbial community stability by harboring vari-
ous metabolically redundant species [10] and restricting microbial
pathogen overgrowth [11]. In addition to its impact on microbial
community structure, bacterial-fungal competition critically
regulates multiple ecosystem functions such as nutrient cycling;

decomposition of litter, rhizodeposits, and soil organic matter
(SOM); soil structure formation’ increase in soil fertility; sup-
pression of plant diseases; support of plant productivity; and
enhancement of the resistance and resilience of ecosystems
[12-14]. Despite growing awareness that bacteria and fungi have
immense capacities to affect global biogeochemistry and multiple
ecosystem functions, their competition is frequently overlooked
in soil microbiome studies.

Competition for C and energy is stronger than for other
resources because of the large overlap between bacterial and
fungal demands for organic compounds and nutrients [15-17]
and for the same soil locations (habitats) [15]. Importantly, the
competition for energy—mostly stored in organic compounds
photoassimilated by plants—may be far stronger than that for
other resources. This is supported by the fact that microbial C
use efficiency (CUE) in soil is commonly <0.4 [16, 17], indicating
that >60% of C is used to obtain energy by oxidation of organic
compounds to CO, but not for structural C. Moreover, microorgan-
isms use considerable C amounts to synthesize energy storage
substances [18], which are also accounted by CUE estimations.
Many microbial processes require energy but no C investment,
resulting in a lower microbial energy use efficiency (EUE) than
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CUE [19, 20]. Within competitive interactions, both groups must
always allocate energy to obtain the most limiting resource and
to overcome the negative effects of competition [21]. This makes
understanding the mechanisms controlling bacterial-fungal
competition for C and energy sources crucial for untangling
biogeochemical processes of C cycling and stabilization.

Microbial competition encompasses two main types: “exploita-
tive competition” (also termed scramble competition, Glossary
Box), in which one population rapidly consumes the limiting
resource required by another without direct interactions between
two populations, and “interference competition” (also termed con-
test competition, Glossary Box), in which competitive popula-
tions generate direct antagonistic interactions, with one pop-
ulation appropriating the resource by competitive success [7,
22]. Bacteria and fungi have developed various mechanisms of
exploitative and interference competition with each other (see
section Mechanisms of bacterial-fungal competition below), reg-
ulating the ecological niche differentiation between these two
major kingdoms [5, 23, 24]. Bacteria are usually characterized by
fast uptakes of labile C and energy resources [25], whereas fungi
efficiently use more recalcitrant C sources [26, 27]. Fungi can
expand their spatial niches to forage C and nutrient resources by
forming hyphae and mycelium [28].

Various biotic factors (e.g. plant species, root-microbial inter-
actions, microbial diversity and density) and abiotic limitations
(e.g. the availability of C, energy, and nutrients, pH, moisture,
aeration, temperature) can influence the competition in soils [4,
29]. Various global change processes (e.g. elevated CO,, nitrogen
deposition, soil acidification, warming, drought) strongly affect
these biotic and abiotic factors, thereby regulating the competi-
tion. For example, plant growth and fresh C input (e.g. “rhizode-
posits” and “root exudates”; Glossary Box) from plants into soil
commonly increase under elevated CO, [30], which may reduce
the intensity of bacterial-fungal competition for C and energy
[19]. The responses to global change are kingdom-specific because
bacteria and fungi have contrasting nutrient demands (e.g. C:N:P
stoichiometries) and sensitivities to temperature, pH, moisture,
and oxygen concentration. Thus, even a slight change in the bio-
geochemical environment may lead to a strong impact on micro-
bial metabolism and demand for C and energy. Accordingly, global
change strongly affects competitiveness. Considering that the
stability and functioning of ecosystems depend strongly on the
performance and balance of bacteria and fungi, understanding
and predicting the response of such competition to global change
is one of the most pressing research questions. What we urgently
need to determine is how bacterial-fungal competition for C
and energy and its impacts on biogeochemical processes change
under changing climate. This, in turn, will benefit protecting,
managing, and mitigating ecosystem resistance and resilience.

Heterotrophic respiration by SOC decomposition has globally
increased as a result of climate change, thus contributing to
increased atmospheric inputs of CO,. However, losses of soil
C to the atmosphere could be countered by increased soil C
inputs due to increased plant growth and autotrophic fixation
by soil microorganisms. Also, the temperature sensitivity of SOC
decomposition depends on the quantity and chemistry of plant
litter and pre-existing SOC. Thus, even within specific biomes, the
local biogeochemical environment strongly influences microbial
metabolic responses to climate.

In this review, we assess the demands and preferences of
bacteria and fungi for C sources in soil. We then summarize
the competition mechanisms and resulting niche differentiation.
Finally, we outline the effects of various global changes on

bacterial-fungal competition for C and energy resources under
real soil conditions.

Glossary Box

Amensalism: A relationship between organisms of two
species, in which one is suppressed or destroyed and the
other is unaffected.

Commensalism: A relationship between organisms of two
species in which one organism (commensal) benefits while
the other organism (host) of the association is neither bene-
fited nor harmed.

Competition: A relationship between organisms of two
species in which both organisms compete for the same
resources within an environment at the same time.
Cross-feeding: An interaction between organisms of two or
more species in which metabolic products of one organism
are utilized by the other(s).

Energy availability: The ratio of the energy obtained to
energy consumed through any activity to the energy that
a (micro)organism or community must invest to utilize an
organic compound under real soil conditions.

Exploitative competition: Competition in which one popu-
lation consumes the resources required by another without
direct contact between the two populations.

Interference competition: Competition in which one popula-
tion suppresses or stops the growth of another by secreting
harmful products.

Microbial necromass: Microbial residues—the remains of
dead microbial cells, cell fragments, cell organelles, and cyto-
plasm.

Mutualism: A relationship in which each organism in inter-
action gets benefits from the association.

Neutralism: A relationship in which both organisms are not
affected with respect to their survival and growth.

Niche: A multidimensional abstract space of resources and
abiotic and biotic conditions enabling the species to maintain
a viable population.

Niche differentiation: The process by which competing
organisms use the environment differently to decrease the
competition. Spatial, temporal, and chemical niche differen-
tiations are common.

Parasitism: A relationship in which one organism (parasite)
benefits and derives its nutrition from another organism
(host), which is harmed.

Priming effect: A short-term change in SOM decomposition
induced by pulses or continuous inputs of organic sub-
stances or nutrients to the soil.

Rhizodeposits: All compounds released by living roots
through rhizodeposition.

Rhizosphere: Soil volume affected biochemically and physi-
cally by plant roots.

Root exudates: A part of rhizodeposits consisting of organic
compounds passively released (lost) by living roots in the
rhizosphere.

Carbon and energy demands of bacteria
and fungi
Carbon and energy sources of bacteria and fungi

All processes during bacterial and fungal growth, maintenance,
and dormancy consume energy, and most of them consume C [19,

G20z Ae G1 uo 1sanb AQ Z6099./€L09BIM/L/8 | /8[IME/fowS)/W0d"dNOdIWSPED.//:SA)lY WOl PapEOjuMOd



Bacterial-fungal competition in soil

Table 1. Carbon and energy sources of bacteria and fungi in soil.

Groups Compositions Hydrophobicity Dominant use group Microbial succession
Early Late
Rhizodeposits Carboxylic acids - Bacteria / /
Sugars - Bacteria / /
Amino acids - Bacteria / /
Phenolics —/+ Fungi Fungi Bacteria
Fatty acids + Fungi Fungi Bacteria
Vitamins —/+ Fungi Fungi Bacteria
Purines - Bacteria / /
Sterols + Fungi Fungi Bacteria
Flavanones and Bacteria / /
nucleotides
Enzymes Fungi Fungi Bacteria
Mucilages - Fungi Fungi Bacteria
Root border cells + Fungi Fungi Bacteria
Dead roots + Fungi Bacteria Fungi
Sloughed root + Fungi Bacteria Fungi
cells and root
hairs
Lysates - Fungi Fungi Bacteria
Plant litter + Fungi Bacteria Fungi
Microbial + Fungi Fungi Bacteria
necromass
Organic fertilizers + Fungi Bacteria Fungi
Soil organic —/+ Fungi Bacteria Fungi
matter

Note: We used — and + if organic compounds are hydrophilic and hydrophobic compounds, respectively. “—/+” represented the group contains amphipathic
organic compounds. We used / to indicate the direct uptake of compounds by microorganisms.

20]. Each group has preferences for organic compounds depending
on their structural complexity and surface properties [31] and
partly on metabolic specifics. Both bacteria and fungi can utilize
various organic compounds to gain C and energy for their growth
and maintenance in soil. According to the origin, the main C and
energy sources can be classified as “rhizodeposits” (Glossary Box),
plant litter, microbial necromass, organic fertilizers, and SOM
(Table 1).

Estimates for the allocation of plant C to rhizodeposits range
between 10% and 50% of photoassimilated C [32, 33], which is
equivalent to 800-4500 kg C ha~! year~! in perennial and annual
plants [34, 35]. Importantly, rhizodeposits include root exudates:
various soluble, low-molecular-weight compounds, especially
sugars, carboxylic acids, and amino acids [36, 37]. They are
important C and energy sources because they are soluble and thus
very easily available for bacteria and fungi, and therefore, they
require virtually no additional costs for dissolution and uptake.
Further, many of these compounds are the key substances in
metabolic cycles.

Microbial utilization of plant litter depends on the decomposi-
tion stage. At the early stage, soluble and labile molecules (e.g.
sugars, amino acids), leached from the cells broken by various
processes, will be rapidly taken up by bacteria and fungi [38]. At
the later litter decomposition stage, the remaining complex and
recalcitrant compounds such as lignin, tannin, and chitin require
high energy and C input for exoenzyme production necessary for
hydrolysis and oxidation [39]. Microbial necromass C accounts for
35%-51% of total topsoil organic C [40], potentially serving as an
important C and energy source [40, 41]. The depolymerization and
decomposition of microbial necromass may be faster than that
of complex compounds (e.g. lignin) in plant residues because the
organic compounds are smaller and have a much higher C:Nratio
(dominance of proteins and amino sugars) [41].

The energetic potential (e.g. Gibbs free energy [AG°]) of a given
organic compound is reflected in the nominal oxidation state of
all C atoms (NOSC) [42] and can be estimated using the following
equation [19, 43]:

AG® = 108 NOSC-454 (1)

where AGo is the energy content (enthalpy) in organic compounds
(potentially available for microorganisms) and NOSC is the nom-
inal oxidation state of all C atoms in those compounds; the latter
can be calculated using the following equation:

—Z44C+H—3N—20+5P—25
NOSC—4— —2H%+ - + )

where C, H, N, O, P, and S are the stoichiometric values of the
elements and Z is the net charge of the organic compounds.

The NOSC values of the main C and energy sources in soil
increase in the following order: lipids, microbial necromass, lignin,
amino acids, phenolics, plant litter, NaOH-extractable SOM, sug-
ars, HCl-extractable SOM, and carboxylic acids (Fig. 1) [42, 43].
Even though the energy content in organic compounds decreases
with increasing NOSC values, the energy availability (Glossary
Box) increases. Microorganisms therefore preferentially utilize
organic compounds with higher NOSC values.

Hydrophobicity of carbon and energy
sources

Generally, bacteria rapidly take up labile organic compounds,
whereas fungi are often associated with recalcitrant forms [44,
45]. Besides many simple compounds (glucose, glycine, acetic
acid), some complex compounds (starch) are predominantly
taken up by bacteria [46]. Similarly, fungi assimilated up to two
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Figure 1. Conceptual representation of the nominal oxidation state of carbon (NOSC) (x-axis) and energy content (combustion enthalpy) (y-axis) in the

main compounds as carbon and energy sources for microorganisms in soil.

times more C from N-acetylglucosamine utilization than bacteria
in the birch-willow system with a fungal: bacterial PLFA ratio of
only 0.14 [47].

Microbial C utilization strongly depends not only on the struc-
tural complexity and energy availability but also on the solubil-
ity of organic compounds. This is because solubility determines
the accessibility of organic compounds to microorganisms [27].
Soluble organic compounds diffuse through solution, enabling
microorganisms to capture them from a larger soil volume. In
contrast, insoluble compounds are commonly high-molecular-
weight compounds or adsorbed on metal oxides, clay minerals,
or organic matter [48], making them less available for micro-
bial uptake. Soluble compounds are more effectively hydrolyzed
or oxidized by exoenzymes compared to insoluble compounds
[49], leading to strong competition between bacteria and fungi,
especially for soluble compounds. Microorganisms must allo-
cate considerable energy to break down the complex chemical
(e.g. ligand exchange) and/or physical (e.g. electrostatic attrac-
tion, hydrophobic partitioning) associations between insoluble
organic compounds and soil minerals [50]. This strongly decreases
microbial CUEs and EUEs using insoluble organic compounds
as substrates. Fungi have higher capacities to transform energy
from organic compounds into their biomass than bacteria [19],
which may increase their competitiveness for utilizing insoluble
compounds.

Organic compounds can be differentiated into hydrophilic and
hydrophobic compounds based both on structural complexity
and surface hydrophobicity. Hydrophobic partitioning of organic
compounds with hydrophobic moieties and functional groups (e.g.
—0OCHj3;, —CHj3, —CN) from soil solution onto minerals counteracts
microbial decomposition [48]. The higher the hydrophobicity of
organic compounds, the slower their microbial decomposition
[27]. Both bacteria and fungi therefore preferentially uptake and
utilize hydrophilic organic compounds as their C and energy
sources. The morphological (e.g. simple cell structure, large area-
to-volume ratio) and physiological (e.g. fast growth and substrate
uptake rates) features of bacteria (Table 2) help them to rapidly
utilize hydrophilic compounds. Fungi have a higher hydropho-
bicity and more effective exoenzymes than bacteria (Table 2),
enabling them to utilize hydrophobic compounds by oxidation
and hydrolysis.

Preferences for carbon and energy sources

To evaluate the preferences for C and energy sources, we collected
155 data (see details in Supplementary materials; Table S1) on the
incorporation of *C-labeled substances into microbial biomark-
ers—phospholipid fatty acids (PLFAs). We designed Equation (3)
to normalize 3C-enrichment in fungal relative to bacterial PLFAs
(**Crungi/**Cgacteria) to the biomass C content in fungi relative to
bacteria:

13
Crungi

B Chacteria (3)

Total Cungi
Total Cpacteria

Microbial utilization preference (MUP) =

where ®*Cryngi and Cpacteria are 3C enrichment in fungal and
bacterial PLFAs, respectively, and (Total Crungi) and (Total Cpacteria)
are the C content in fungal and bacterial PLFAs, respectively.
Higher MUPs indicate higher substrate-C assimilation by fungi
versus bacteria. At MUP values higher than 1, fungi outcompete
bacteria for the given substrate and vice versa.

The MUP values of 0.20-0.72 correspond to a bacterial
competitiveness of 1.4-5 times stronger than fungi for small
(MW <200 Da) and hydrophilic compounds (Fig. 2A). In contrast,
the MUP values for complex substrates (e.g. plant residues,
microbial necromass, proteins, cellulose, cellobiose, biochar)
ranged from 1.1 to 4.1 (Fig. 2B). Accordingly, bacteria outcompete
fungi for simple substrates, while fungi have a major advantage
regarding complex substrates.

A gradual decrease in the MUP using plant residues as
substrates (Fig. 3) with decomposition duration suggests that
fungi are better competitors for such residues, especially at
the early decomposition stage. Later, however, bacteria obtain
more products directly or indirectly from fungi, reflecting
the common phenomena of cross-feeding (Fig.4). This is
because bacteria can only utilize smaller compounds produced
by plant residue decomposition, which takes time to occur
[64]. This is also supported by the lower MUP for cellu-
lose and cellobiose used as substrates (with fast degradation
rates) than those using slow-degrading proteins and plant
residues (Fig. 3).
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Table 2. Main differences in physiological and metabolic traits adapted by bacteria and fungi in soil.

Microbial traits Bacteria Fungi References
Morphology Cell type Prokaryotic Eukaryotic *
Cell number Unicellular Multicellular
Cell shape Round, spiral, rod Mainly
filamentous
Cell size 0.5-5 um 2-10 um
Cell structure Simple Complex
Cell wall Peptidoglycan Chitin
Cytoskeleton Absent Microtubules or
microfilaments
Area-to-volume ratio High Low
Hydrophobicity Low High
Physiology Maximal growth rate 0.3-1h 12-24h *
C:N ratio 48 8.7 [19]
C:H ratio 0.57 0.56 [19]
C:O ratio 2.2 2 [19]
C:P ratio 42 42 [19]
C:S ratio 333 333 [19]
Filamentous growth Only few groups Common *
pH range niche Narrow Broad *
Oxidation state (NOSC) —0.33 —-0.53 [19]
Biomass turnover rate 0.75-133 days 30-440 days [51]
Substrate uptake rate Fast Slow [26]
Respiration Anaerobic and Aerobic *
aerobic
Water demand High Low [52, 53]
Maintenance energy High Low [54]
Sensitivity to Low High [55]
disturbance
(Chemical and Narrow Broad [27,56-59]
temporal) Niche width
Metabolism C and energy sources Inorganic and Organic matter *
organic matter
Nutrition Autotrophs or Heterotrophs *
heterotrophs
Hydrolytic enzyme Low High [60-63]
efficiency
Oxidative enzyme Absent High [60-63]
efficiency
Enzyme diversity per Low High [60-63]
species
Carbon use efficiency Low High [19]
Energy use efficiency Low High [19]
Maintenance High Low [54]
Biomass turnover Fast Slow [51]

Note: Asterisks indicate that information on the differences between bacteria and fungi was obtained from https://microbenotes.com/bacteria-vs-fungi/.

Cross-feeding commonly assumes the utilization of metabolic
products (organic compounds and nutrients) of one organism
by another (Box 1), whereby only intracellular metabolism is
commonly considered. Cross-feeding in soil, however, includes
and probably mainly involves one microbial group utilizing the
products released by extracellular reactions of exoenzymes
produced by another group. Considering the omnidirectional
losses of reaction products of exoenzymes by diffusion, we
assume that the most cross-feeding in soil involves by mechanism
2: substrate cross-feeding (Fig.4B). Although cross-feeding
interactions are most likely positive, they create competition
between organisms. Substrate cross-feeding is the basis for
exploitative competition between organisms for products [65].
Although bacteria and fungi do not compete for products in other
cross-feeding interactions (Fig. 4A, C, and D), they do compete
to some extent for other shared resources (e.g. water, oxygen,
nutrients) [7].

Bacterial-fungal competition and niche
differentiation

Limited C and energy availability in soils are the rule rather than
the exception, therefore typically restricting the growth of all
nonfilamentous bacteria, actinobacteria, and fungi [8, 66]. These
limitations in soil cause bacteria to continuously compete with
fungi for organic C and energy.

The competition for energy is much stronger than for C per
se. Firstly, microorganisms can recycle C both intracellularly and
extracellularly, which requires energy investment but not new C
[19, 20]. Secondly, microorganisms must invest energy to reduce
organic and inorganic compounds, which takes place without C
utilization [19, 20]. Thirdly, microorganisms allocate substantial
energy for maintenance [67], and various processes (e.g. cell
division, metabolic shifts, cell motility, regulation of gene expres-
sion, energy spilling reactions) consume energy but no or little
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Figure 2. Normalized microbial utilization preference (MUP) using various simple (A) and complex (B) compounds as substrates incorporated into
fungal PLFAs relative to bacterial PLFAs. Red dashed lines represent mean MUP values using simple (A) and complex (B) compounds as substrates. The
closer the MUP value is to 1, the more similar the competitiveness of bacteria and fungi for the substrate. The data are means + standard errors.
Numbers on left show the number of studies. Note that the mean MUP preference of 0.44 for low-molecular-weight compounds (left) corresponds to

2.3 times stronger competitivity of bacteria than fungi.
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Figure 3. Relationships between normalized MUP using residues of
crops (cycles) and grasses (triangles) as substrates, from which C was
incorporated into fungal PLFAs relative to bacterial PLFAs and the
incubation time (i.e. residue decomposition time). Relationships were
determined by power regression analysis (both P <.001). The sharp
decrease in MUP values with residue decomposition indicates the
cross-feeding interactions (starting after 10-20 days) between bacteria
and fungi.

C [19, 20]. For example, the maintenance energy of bacteria
(12 k) mol~? C h71) is 50% higher than that of fungi (8 kJ mol~! C
h~1) under aerobic conditions at 30°C [54]. Both groups, however,

require more energy to compete with each other, thus reducing
the energy available for other functions [21]. This, in turn,
increases the intensity of competition for energy.

Bacteria and fungi strongly compete for easily available C
and energy sources, but they have also evolved both competitive
and mutualistic strategies for decomposing recalcitrant organic
compounds [24]. Gram-negative bacteria generally are fast-
growing r-strategists that can rapidly uptake easily available
substrates, whereas fungi and Gram-positive are slow-growing
K-strategists that can efficiently utilize recalcitrant organic
compounds [26]. This is reflected by much higher numbers
of bacteria, especially Gram-negative strains, than of fungi
in the rhizosphere, where roots continuously exude simple
substrates [68]. The abundance of Gram-negative bacteria
increases when glucose is added to soils, whereas fungal and
Gram-positive bacterial abundances increase with the addition
of recalcitrant organic matter [69]. The fungi-to-bacteria ratio
always decreases after adding easily available C sources (e.g.
sugars, amino acids) but increases in response to recalcitrant
organic matter [69].

The two groups coexist in the many niches in soil (Table 3),
increasing their competition for C and energy. Niche differ-
entiation effectively reduces such competition. The winner of
niche differentiation depends on their morphological (e.g. cell
size, structure, hydrophobicity), physiological (e.g. growth rate,
water and nutrient demands), and metabolic (e.g. enzymatic
catalytic efficiency, C and energy use efficiency) properties
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Figure 4. Bacterial-fungal cross-feeding types. (A) Metabolite cross-feeding: one organism feeds on a complex compound, releasing a waste metabolite
that is used by another organism. (B) Substrate cross-feeding: one organism secretes exoenzymes to decompose complex compounds to simple
compounds that are used by another organism. (C) Mutual cross-feeding: any combination of metabolite and substrate cross-feeding, in which
bacteria and fungi are cross feeders. (D) Augmented cross-feeding: a subset of mutual cross-feeding, in which one organism supplies more of a

cross-fed compound to another organism.

(Table 2). The physico-chemical conditions (e.g. the complexity of
organic compounds, O, concentration, pH) of the niche also play
arole.

Mechanisms of bacterial-fungal competition

Two groups of competition types exist: “exploitative competition’
and “interference competition” (Glossary Box). Bacteria and fungi
have developed various strategies to outcompete each other for C
and energy resources in soil by both types and via niche partition-
ing (Fig. 5).

In “exploitative competition,” bacteria outcompete for eas-
ily available organic compounds (Fig. 5) for several reasons. The
smaller size of bacterial cells results in a larger surface area-to-
volume ratio than that of fungal cells, enabling bacteria to contact
and take up small dissolved organic compounds faster (Table 2).
The growth rate of bacteria is much faster (Table 2), enabling them
to more rapidly occupy the organic matter resources. Finally, the
cell membrane structure of bacteria is simpler than that of fungi,
which facilitates direct uptake of small compounds from the soil
solution [86].

In contrast, fungi outcompete for complex organic compounds
(Fig. 5) mainly because they efficiently produce nearly all
exoenzymes to decompose such structures [87]. Fungi can exploit
more abundant C and energy sources than bacteria because their
hyphae increase the habitat and exploration volume (Table 2),
whereas unicellular bacteria are limited to a small volume in soil
[56, 57]. The translocation of substances from remote locations
by the mycelium [58] and slow growth (Table 2) help fungi to
maintain a more stable state in soils, providing more time to
decompose complex compounds than is available to bacteria [59].

”

In “interference competition,” both groups produce compounds
to suppress or kill each other (Fig.5). Bacteria can produce
bacteriocins (a group of small antimicrobial peptides or proteins)
[23, 88] and antifungal compounds [66] to reduce or even
stop fungal growth. In turn, fungi can produce antibiotics (e.g.
penicillin, streptomycin, and tetracycline produced by Penicillium
and Streptomyces) [89] and mycotoxins to limit bacterial growth
[90]. Volatile compounds produced by both groups diffuse
through air-filled pores and suppress the activity and growth
of competitors [91].

Both groups can form biofilms to compete for local C and
energy sources by excluding the competitors (Fig.5). Biofilms
increase competitiveness by accumulating antagonist molecules
due to the slow outward diffusion of compounds [92]. Biofilms also
protect enclosed bacteria or fungi from predators and facilitate
certain species to grow toward C-rich areas [93]. Quorum sensing
is a common strategy adopted by many species to form biofilms by
regulating the production of extracellular polymeric substances,
surface attachment, motility, and dispersal [94, 95]. Through quo-
rum sensing, the microbial populations can collectively respond
to competition, for example, by ramping up antimicrobial com-
pound production and by altering their behavior to gain a com-
petitive advantage.

Both bacteria and fungi produce specific hydrolytic enzymes
(e.g. chitinases, proteases) to break down the cell walls or pro-
teins of their competitors [96]. Siderophores are produced by
both groups to chelate iron from the soil and thus starve their
competitors, which require iron for growth and survival [97].

Microorganisms can indirectly suppress each other by altering
the physico-chemical properties of the environment (Fig.5).
For example, within the competitive interactions between
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Table 3. Chemical, spatial and temporal niche differentiation between bacteria and fungi.

Niche differentiation Outcompeting kingdom References
Chemical Low-molecular-weight compounds Bacteria This paper
High-molecular-weight compounds Fungi This paper
Hydrophilic compounds Bacteria [43, 44, 70-72]
Hydrophobic compounds Fungi [70]
Spatial Rhizosphere Bacteria [73,74]
Detritusphere Fungi [75]
Bulk soil Bacteria [76]
Biopores Fungi [77]
O horizon Fungi [75]
Topsoil Bacteria [78,79]
Subsoil Bacteria [78,79]
Macroaggregates Bacteria [80, 81]
Microaggregates Fungi [81]
Small pores Bacteria [82, 83]
Large pores Bacteria (82, 83]
Oxic locations Bacteria [82]
Anoxic locations Bacteria [82]
Dead bodies of animals Fungi [3]
Surfaces of organic matter Fungi [3]
Surfaces of clay minerals and Fe Bacteria [3]
oxides
Temporal Earlier stage of litter Bacteria [38, 70, 84, 85]
decomposition
Later stage of litter decomposition Fungi [38, 70, 84, 85]

Exploitative competition

Interference competition

Fast uptake
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Figure 5. Strategies used by bacteria and fungi to compete for carbon and energy sources in exploitative (left) and interference (right) competitions. In
exploitative competition, bacteria rapidly take up easily available compounds, thus outcompeting fungi, while the latter outcompete the former for

complex compounds by relying on their diverse enzymes with high catalytic efficiency. Mechanisms adopted to outcompete each other in the

interference competition from top to bottom include: (i) producing various compounds to suppress or kill each other, (ii) secreting specific hydrolytic
enzymes (e.g. chitinases, proteases) to break down the cell walls or proteins of their competitors, (iii) producing siderophores to chelate iron (and other
multivalent cations) from the soil and thus starve those competitors that require iron for their growth and survival, (iv) forming biofilms to increase
competitiveness, (v) releasing HT ions to acidify soil to create conditions unfavorable for their competitors, and (vi) direct predation or parasitism on

their competitors.
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Figure 6. Niche differentiation between bacteria and fungi at chemical (left), spatial (middle), and temporal (right) scales. At the chemical scale,
bacteria can rapidly take up hydrophilic organic compounds, thus outcompeting fungi. The latter outcompete the former for hydrophobic organic
compounds because of their more effective exoenzymes and the better attachment of hyphae on hydrophobic surfaces. At the spatial scale, (i) fungi
are more competitive in the rhizosphere than in bulk soil because rhizodeposition decreases the intensity of competition and the root colonization by
mycorrhizal fungi, (i) bacteria outcompete fungi for carbon with soil depth, and (iii) bacteria outcompete fungi in macroaggregates, whereas fungi
compete better in microaggregates than in macroaggregates. At the temporal scale, microbial succession during plant litter decomposition follows the
sequence: fast-growing microorganisms, followed by fungi and bacteria with cellulolytic, hemicellulolytic, and pectolytic abilities, then fungi that can

decompose lignin and chitin.

Collimonas fungivorans and Aspergillus niger, the former produces
acids to create conditions unfavorable for the latter [98]. Some
representatives can act as predators or parasites on the other
microbial group, leading to direct competition for survival.
Mycophagy enables certain bacteria to predate living fungal
hyphae to obtain nutrients and C [99]. For example, the number
of Collimonas, a bacterial genus known for mycophagous growth,
increased 4-fold over 2 weeks after invading Absidia hyphae
in soil [100].

Niche differentiation

Niche differentiation is the consequence of and a mechanism to
decrease competitive interactions. Chemical, spatial, and tempo-
ral niche differentiation is distinguished here (Fig. 6).

Chemical niche differentiation

In terms of organic chemistry, bacteria outcompete fungi for
hydrophilic compounds, while the latter are adapted to utilize
hydrophobic compounds (Fig. 6). This is supported by up to 16
times greater incorporation of hydrophilic compounds into bac-
terial versus fungal phospholipids in upland and paddy soils after
a 2-day soil incubation with *C-labeled maize residues [70]. In
contrast, the incorporation of hydrophobic compounds into fun-
gal phospholipids was 1.5 times greater than that into bacterial
phospholipids [70].

Bacteria outcompete for hydrophilic compounds mostly
because of their fast growth and larger surface area-to-volume
ratio (Table 2), which facilitates colonizing soil surfaces rich in
hydrophilic compounds [71]. Organic compounds with larger

NOSC values are more hydrophilic (i.e. more -COOH and=C=0
groups) and thus easily available for microbial uptake from soil
solution. Importantly, hydrophilic compounds have a high energy
availability [43] because they are already soluble [no production
of (per)oxidases is required] and their microbial uptake through
cell membranes requires less energy than that for hydrophobic
compounds [44, 72].

From the elemental stoichiometry perspective, bacteria have
to outcompete fungi for hydrophilic N-rich compounds because
the C:N ratio in bacterial biomass is two times lower than that
in fungal biomass [19]. Generally, hydrophilic compounds (e.g.
amino acids, peptides, amino sugars) have lower C:N ratios than
hydrophobic compounds [31]. This is confirmed by the predomi-
nance of bacteria in the short-term assimilation of plant-derived
N [101].

Fungi outcompete for hydrophobic compounds by relying on
their broad and effective exoenzymes (Table 4) and the better
attachment of hyphae on hydrophobic surfaces (Fig. 6). Complex
hydrophobic compounds must be broken down and/or oxidized by
extracellular enzymes outside the cell before they can be taken
up. The first step in the depolymerization of most hydropho-
bic compounds is oxidation catalyzed by extracellular oxidative
enzymes (e.g. peroxidases, phenol oxidases, laccases). The oxi-
dation of hydrophobic compounds produces more -COOH, =C=0,
and =C-OH groups, boosting their hydrophilicity. Although some
bacteria can produce oxidative enzymes, their enzymatic activity
and abundance are much lower than that of fungi (Table 4) [102].
Consequently, fungi dominate the decomposition of hydrophobic
compounds.
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Table 4. Characteristics of major cellulolytic and ligninolytic enzymes.

Enzymes Sources Substrates References
Cellulase Fungi and bacteria Cellulose [60]
B-Glucosidases Fungi and bacteria Cellulose [60]
Endoglucanases Fungi and bacteria Oligosaccharides [60]
Cellobiohydrolase Fungi and bacteria Cellobiose [60]
Cellodextrinase Fungi Cellobiose [60]
Xylanase Fungi and bacteria Xylan [61]
Xyloglucanase Fungi and bacteria Xyloglucan [61]
B-Xylosidase Fungi and bacteria Xylobiose, [61]
p-nitro-phenyl-g-D-pyranoside
Mannanase Fungi and bacteria Mannan, cellulose, xylan [61]
Arabinanase Fungi and bacteria Arabinan [61]
Laccase Fungi and bacteria Phenolics, aromatic amines [62]
Lignin peroxidase Fungi Phenolics, aromatic amines, [62, 63]
aromatic ethers, polycyclic
aromatics
Manganese Fungi Phenolics [62, 63]
peroxidase
Versatile Fungi High-redox-potential aromatic [62, 63]
peroxidase compounds
Dye-decolorizing Fungi and bacteria Dye compounds, carotenoids, [62]
peroxidase phenolics

Microorganisms must invest substantial resources (energy, C, N,
P, S) to make the hydrophobic compounds (i.e. many -CHs groups,
aliphatics, aromatics) from plant litter and microbial necromass
utilizable. This requires investing considerable energy in syn-
thesizing and releasing exoenzymes. For example, the energy
cost of synthesizing g-glucosidase during a 150-day vegetation
period is 1.9-14 x 10° J g1 soil, assuming that the 8-glucosidase
content is 2 ng g~* soil, and that 7.1 mol adenosine triphosphate
(ATP) is required to polymerize one-mole amino acids [43]. Under
real soil conditions, microorganisms invest at least two orders
of magnitude more energy to produce all the enzymes that are
involved in splitting polymeric compounds than for g-glucosidase.
Accordingly, exoenzyme production decreases the net energy gain
from organic compounds. Exoenzymes, however, are beneficial
only if their substrates are available in high concentration and/or
the enzymes can effectively transform the energy stored in the
substrates to microbial biomass to offset the energy costs for
their production [103]. Hydrophobic compounds with lower NOSC
values have higher Gibbs free energy (Fig. 1), and the EUE of fungi
using various substrates is higher than that of bacteria (Table 2)
[19]. This is an advantage when competing for hydrophobic com-
pounds.

Microbial cells require contact with hydrophobic compounds
to utilize them. Fungi secrete hydrophobins that subsequently
form an amphiphilic protein film to facilitate the formation and
movement of aerial hyphae [104]. The hydrophobin film enables
hyphal attachment on hydrophobic surfaces of organic com-
pounds (Fig. 6) [104]. Some fungi such as Candida, Aspergillus,
Ustilago, and Trichosporon can efficiently produce surfactants
(e.g. sophorose lipids, mannosylerythritol lipids) to reduce their
cell surface tension and weaken the attachment of bacterial cells
on hydrophobic surfaces [105]. These strategies help fungi to
outcompete bacteria for hydrophobic organic compounds.

Spatial niche differentiation

Spatial heterogeneity (e.g. rhizosphere and detritusphere ver-
sus bulk soil, topsoil versus subsoil, macroaggregates versus
microaggregates) (Table 3) of organic compounds leads to spatial

niche differentiation (Fig. 6). Bacteria outcompete fungi for easily
available C and energy sources in both the rhizosphere and
bulk soils [76], but the competitiveness of fungi is higher in the
rhizosphere than in bulk soil (Fig. 6). This is confirmed by a higher
fungi-to-bacteria ratio in the former versus the latter [73, 74].
This is because various mycorrhiza types occupy root surfaces
and play a crucial role especially in the rhizosphere, capturing
exudates released by roots into the soil.

The rhizosphere mainly selects for copiotrophic bacteria rel-
ative to bulk soil [71, 106]. This is confirmed by the up to 7-
fold higher proportion of copiotrophic bacteria in the rhizosphere
[107]. Higher abundances of those bacteria in the rhizosphere
simultaneously accelerate C depletion and reduce the competi-
tiveness of oligotrophic bacteria for C relative to bulk soil [71].
Consequently, the relative competitiveness of fungi in the rhi-
zosphere is higher than in bulk soil because they obtain energy
directly from roots (Fig. 6). In contrast, fungi relying on their effi-
clent exoenzyme systems outcompete bacteria for niches that are
rich in complex compounds, such as the detritusphere, biopores,
the O horizon, and animal cadavers (Table 3) [75, 77].

The decrease in the quantity of fresh plant-derived C and SOM
with soil depth leads to niche differentiation between bacteria
and fungi (Fig. 6). The energy content of SOM strongly decreases
with depth (e.g. 630-1800 GJ ha~! at 0-20-cm and 280-4100 GJ
ha~! at 20-100-cm soil depth) [43]. However, the energy content
per unit of C increases with soil depth due to the accumulation
of poorly degradable but energy-rich hydrophobic compounds
(lignin derivates, fatty acids, lipids, etc.) with depth [43]. The pro-
portion of Gram-positive bacteria, in contrast, increases with soil
depth, while those of Gram-negative bacteria and fungi decrease
[26, 78, 108], lowering the fungi-to-bacteria ratio [78, 79]. This is
because compacted soil structure with smaller pores partly filled
by water in deeper soils decreases the O, concentration, which
slows or stops fungal growth (aerobic organisms) [82]. Similarly,
bacteria outcompete fungi in anoxic niches (Table 3). Fewer or
no roots in deeper soils strongly reduce parasitism or symbiosis
between plants and fungi [109]. These mechanisms consequently
decrease fungal competitiveness for organic compounds with soil
depth (Fig. 6; Table 3).
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The heterogeneous distribution of C and energy sources in
aggregates of various sizes also leads to the niche differentiation
between bacteria and fungi (Fig.6). Easily available organic
compounds are typically more abundant in macro- than in
microaggregates [80, 83], whereas persistent organic compounds
are strongly protected by and within microaggregates [110]
(Fig. 6). The strong association of organic matter to minerals in
microaggregates limits microbial accessibility [111]. Accordingly,
the competition for C and energy sources is much stronger in
macroaggregates (Fig. 6). This is supported by up to 2-fold higher
numbers of negative links between bacteria and fungi in such
larger aggregates [112]. Up to 3.6-fold higher positive bacteria—
bacteria interactions in macro- versus microaggregates enable
bacteria to outcompete fungi there [81]. Fast-growing bacteria
therefore dominate microbial communities in macroaggregates
(Table 3). This is confirmed by the higher abundance of Pro-
teobacteria and Bacteroidetes (mainly utilizing labile C) and lower
abundances of Acidobacteria, Chloroflexi, and Verrucomicrobia
(with an oligotrophic life strategy) in macro- than microaggregates
[80].

Temporal niche differentiation

Temporal niche differentiation is strongly supported by the domi-
nation of bacteria in earlier stages of plant litter decomposition
and of fungi in the later stages (Fig. 6) [70, 84]. The succession
of dominant microorganisms with litter decomposition follows
the sequence: initial colonization by fast-growing microorganisms
(e.g. bacteria, sugar fungi such as Zygomycetes) that consume
easily available C sources, followed by fungi (e.g. Ascomycetes)
and bacteria (e.g. Actinobacteria) with cellulolytic, hemicellu-
lolytic, and pectolytic abilities, then by Basidiomycetes that can
decompose lignin and chitin (Fig. 6) [38]. The succession of micro-
bial communities during the decomposition of compounds with
complex structures (e.g. lignin, cellulose) also supports temporal
niche differentiation (Fig. 6; Table 3). For example, bacterial and
fungal communities remained stable in the first week after cellu-
lose addition, whereby Gram-positive bacterial biomass decreased
by 13% and that of Gram-negative bacteria and fungi increased by
12%-50% over 2 weeks of cellulose decomposition [85]. In contrast,
opposite patterns were observed after 2 months of cellulose addi-
tion [85]. This agrees with the results that the proportion of fungal
biomass in total microbial biomass increased over 40 days after
cellulose addition and then decreased after cellulose exhaustion
in grassland soil [84].

Global change impacts

Within the broad range of global change components, five are
especially relevant for processes in soil and may affect microbial
communities as well as the competitiveness between bacteria
and fungi for resources: elevated CO,, N deposition, soil acidifi-
cation, global warming, and drought (Fig. 7). We also discussed
the impacts of other regional climate changes (e.g. increased
precipitation, permafrost thaw, increased fire frequency, land use
change, salinization, and heavy metal contamination). Below, we
describe the mechanisms of these effects on microbial communi-
ties, with a special focus on the competitive abilities of fungi and
bacteria.

Understanding how global change processes interact with each
other is crucial to predict bacterial-fungal interactions. Although
limited studies have explored the effects of the suite of climate-
associated changes that are expected in a given region or ecosys-
tem on the soil microbial community and diversity [113-115],

no general conclusions about bacterial-fungal competitive inter-
actions to multifactor changes can be drawn at this point. We
therefore avoid presenting potential interactive effects of these
global change components because of the very high uncertainties
involved. This highlights the great necessity to conduct long-
term multifactor experiments to better understand the impacts
of climate changes on bacterial-fungal interactions and their
consequences for biogeochemical processes.

Elevated CO,

The atmospheric CO, concentration has steadily increased by
>90 ppm over the past 50 years (https://www.co2.earth) and
is expected to increase by an additional 300-600 ppm (RCP6.0
scenario) by 2100 [116]. Under elevated CO, conditions, roots
generally release more C, which increases microbial activities,
especially in the rhizosphere [117, 118]. Consequently, increased
Cinputs under elevated CO, stimulate the growth of r-strategists,
mostly bacteria [117, 119]. Theoretically, increased root exudates
will decrease the competition intensity between bacteria and
fungi for C. Increased C availability, however, leads to a limitation
of other nutrients, mostly N and P, for microbial growth (Fig. 7A)
[118,120]. This subsequently triggers strong competition for N and
P between bacteria and fungi [121], which is especially intensive
in nutrient-limited ecosystems (Fig. 7A). The effects of increased
rhizodeposition under elevated CO, conditions on competition
therefore strongly depend on N and P availability.

Under the N- and P-rich conditions, bacteria quickly utilize
the increased rhizodeposits from higher CO, concentrations for
their growth, boosting their biomass [122]. In contrast, increased
rhizodeposition under N- and/or P-poor conditions stimulates
microorganisms to decompose SOM to acquire more N and P, the
so-called “priming effect” [117, 119, 123]. This favors exoenzyme-
producing fungi to outcompete bacteria for recalcitrant organic C.
Alower N availability for plants leads to a higher mycorrhization
of roots under elevated CO, concentrations, thus increasing the
abundances of ecto- and arbuscular mycorrhizae communities
[124]. Because bacterial demand for N is at least two times higher
than that of fungi (the C:N ratio in bacterial biomass is 4.8,
whereas that in fungal biomass is 8.7) [19], any N limitation more
strongly affects bacteria than fungi, a condition that is especially
expressed under elevated CO, conditions. Therefore, elevated CO,
decreases the competition for C but increases the competition for
N and the competitiveness of fungi because fungi have lower N
demands (Fig. 7A) [125].

Nitrogen deposition

Atmospheric N deposition has increased 3- to 5-fold over the
20th century [126]. Under N deposition, the competitiveness of
bacteria for C and energy sources is expected to increase because
of their higher N demands (Fig. 7B). This is confirmed by the
decreased fungi-to-bacteria ratio under N deposition assessed by
a meta-analysis across all terrestrial ecosystems [112]. A higher
N availability with N deposition weakens the symbiosis between
roots and ectomycorrhizal and arbuscular mycorrhizal fungi, thus
decreasing the abundances of those fungi [127, 128].

Increased N deposition can result in two contrasting effects on
bacteria, depending on the C availability. Increased N availability
stimulates the growth of fast-growing Gram-negative bacteria (r-
strategists) under C-rich conditions (e.g. increased rhizodeposi-
tion) [129, 130]. In contrast, Gram-positive bacteria will dominate
microbial communities with the input of litter with a broader
C/N ratio, the accumulation of recalcitrant C, and the reduction
of C allocation belowground from plants after a long-term N
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Figure 7. Global change impacts on bacterial-fungal competition for carbon (C) and energy sources. Effects of global changes include: elevated CO,
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deposition [112, 131]. In both scenarios, bacteria will outcompete
fungi for C and energy sources (Fig. 7B). Nitrogen deposition,
however, strongly accelerates soil acidification, which will have
the opposite effects.

Acidification

Soil pH crucially regulates microbial growth and competition
because fungi and especially bacteria have their own (partly very
narrow) optimal pH ranges. For example, the dynamics of the
fungal:bacterial growth ratio at a pH range between 4 and 8 was
a consequence of bacterial competitive suppression of fungal
growth [6]. Therefore, soil acidification alters competitiveness
for resources. The most relevant process causing soil acidifica-
tion is N fertilization [e.g. the application of urea and especially
(NH,),S0,] [132].

Acidification of soils, especially those already acidic, boosts
competition for C and energy sources for two reasons: (i) strongly
reduced exoenzyme activities and/or substrate availability due
to the sorption of enzymes and/or substrates on surfaces of
sesquioxides [133] and (ii) increasing C and energy allocation to
alleviate acidity stress (Fig. 7C) [134, 135]. For example, the pH
drop from 4.5 to 3.8 resulted in up to 100 times higher ATP
consumption by Saccharomyces cerevisiae without changes in ATP
production [136]. Acidification raises the fungal competitiveness
in acidic soils because fungi have much higher osmotic stress
tolerance capabilities (Fig. 7C) [137], and because the optimal pH
of exoenzymes produced by bacteria perform best at high (neutral
to alkaline) pH, whereas fungal exoenzymes operate best at low
(acidic) pH [138].

Global warming

Temperature is one determinant for microbial metabolism [139],
biomass [140], community composition [141], community succes-
sion [141], and interactions between species [142]. This is because
microbial species differ greatly in their temperature-dependent
adaptability and fitness in soil [143]. Notably, warming has many
indirect effects as it modifies other factors (e.g. soil moisture,
vegetation type and productivity, time) that play a role in selecting
the microbial species. A long-term (up to 26 years) study sug-
gested four general phases of SOM decomposition and associated
microbial mechanisms with soil warming: rapid C loss through
respiration; microbial community reorganization with lower fun-
gal biomass and larger Gram-positive bacteria abundance after
the depletion of labile C pools; a shift toward a more diverse,
oligotrophic microbial community with lower fungal dominance
and fungi/bacteria ratios; and a decrease of more recalcitrant C
pools and microbial biomass [144].

Although warming reduces microbial biomass and diversity,
the decrease of fungal biomass and diversity is larger than that of
bacteria (Fig. 7D). For example, 7-year warming by +3°C decreased
bacterial and fungal richness in grassland soils by 9.6% and
14.5%, respectively [145]. Warming increases bacterial dominance
because fungi are more temperature sensitive than bacteria,
whereas the temperature optimum (i.e. the temperature with
the greatest activity) and the point of maximum temperature
sensitivity (i.e. the point where the change in activity is greatest)
is opposite [146]. This means bacteria acclimate better to
warming (Fig. 7D). Bacterial communities change toward more
thermophilic groups with warming, while fungal functional
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groups are unlikely to change. This is supported by increased
populations and genes for labile-C decomposition, whereas the
populations and genes for recalcitrant C decomposition remain
stable under 2°C warming over 9 years [147]. Accordingly, bacteria
are expected to be better competitors for C and energy sources
with warming (Fig. 7D).

Warming may intensify competition [145, 148] because all
microorganisms require more C and energy resources to meet
their increased metabolic demands with increasing temperature
[149]. The heat capacity (i.e. the amount of energy required to
maintain a given amount of matter with increasing temperature
by one °C) of fungi (—14 kJ mol~! C °C~?) is three times larger
than that of bacteria (=5 kJ mol~! C °C~1) [146]. Accordingly,
fungi must allocate more energy for biomass maintenance and
growth. For example, assuming that the energy use efficiency
of soil microorganisms using glucose as a substrate is 0.32 [19],
and that microorganisms completely oxidize one mol glucose to
6 mol CO, and yield 38 mol ATP (—30.5 kJ mol~1), then bacteria
can convert 68 mmol more C into their biomass through the
Calvin cycle (which requires 3 mol ATP for one mol C synthesis)
[150] than fungi at a temperature increase of 1°C. Soil warming
therefore weakens fungal competitiveness.

Drought

Drought increases the intensity of competition for C and energy
sources (Fig. 7E). Firstly, microorganisms must equilibrate to the
osmotic conditions in soils by accumulating solutes (osmolytes) to
retain water within their cells when the soil becomes drier [151].
Another strategy to alleviate drought stress is to produce extracel-
lular polymeric substances (e.g. polysaccharides, proteins) [152],
which can act as sponges to delay drying [151]. Osmolyte accu-
mulation is an energetically expensive process and requires C
[153], thus decreasing C and energy allocation for biomass main-
tenance and reproduction [154]. Secondly, drought may decrease C
availability because of increasing sorption of organic compounds
on metal oxides [155]. This can reach the solubility of products
for ionic solutions and cause the collapse of repulsing charges of
colloidal solutions. In contrast, up to nine orders of magnitude
greater ionic strength under drought than under optimal water
conditions may lead to C desorption from minerals [156]. Nev-
ertheless, reduced soil moisture under drought strongly limits C
diffusion [52], thus decreasing C accessibility for microorganisms,
especially for bacteria. Thirdly, drought decreases the activities of
various hydrolytic enzymes [157], thus lowering the SOM decom-
position rate.

Fungi with a greater resistance to water limitation [52, 53] can
outcompete bacteria for C and energy sources under drought
(Fig. 7E). This is mainly because fungal hyphae can bridge spa-
tially discrete resources [55] and because effective exoenzymes,
especially oxidative enzymes, produced by fungi can decompose
complex organic compounds [87].

Other global change factors

Increased precipitation events will mainly occur in wet tropical
and northern regions [116, 158]. Although increased precipitation
has no direct effects on the fungi-to-bacteria ratio, bacteria may
outcompete fungi for all resources as soil pores become water-
filled and anaerobic with increasing moisture, especially when
the initial soil moisture is low. Similarly, bacterial C and energy
channels may dominate SOC dynamics in the Arctic as permafrost
thaws [159] and fills the pores with water.

Although there are no consistent conclusions on the response
of fungi and bacteria to heavy metal contamination, the former
generally have a higher resistance [160, 161]. Accordingly, fungi

may outcompete bacteria, especially with increasing contamina-
tion severity and duration.

Unlike the abovementioned global change factors, making gen-
eralizations about their impacts on bacterial-fungal competition
for C and energy across ecosystems is challenging because these
impacts depend on multiple factors and their interactions. For
example, the changes in bacterial and fungal abundance depend
on land use [162]. The increased area under cropland and tillage
very strongly decreases microbial biomass but especially the fun-
gal biomass, leading to overdominance of bacteria in agricultural
soils [162]. The gradual change of water management in paddy
soils—the reduced overflooding and water-saving technologies—
lead to better soil aeration and a shift toward fungal communities
as well as to Gram-positive bacteria.

The impact of increased wildfire frequency on this competi-
tion depends on fire severity and duration, soil resilience, and
environmental conditions [163], whereby both groups are heat
sensitive [164]. Nevertheless, the remaining persistent pyrogenic
products on the surface and the increase of soil and organic
matter hydrophobicity after wildfires will lead to a strong shift
toward fungal communities [165].

Although fungi are commonly characterized by a stronger
ability to cope with osmotic stress, the response patterns of
both groups to salinization are habitat- or context-specific [166].
Salinization, especially in low-salinity soils, may accelerate
the biomass loss of bacteria, which are less resistant to salt
stress.

Coexistence of bacteria and fungi

Soil microbial diversity is crucial in the functioning, stability, and
health of terrestrial ecosystems. The stability of purely compet-
itive or cooperative communities is weaker than that of com-
munities with complex interactions [10, 167]. Although bacteria
and fungi strongly compete for resources in soil, they always
coexist in the same niches and have developed various coopera-
tive interactions (e.g. cross-feeding, mutualism, commensalism).
This coexistence helps both groups to increase the quality and
quantity of substrates that they can feed on [24, 168] and to
expand their spatial niche spaces [169, 170]. It also increases their
resistance to environmental changes [18].

Metabolic dependencies are a major driver of this coexistence
and of microbial community stability in general [171]. Although
the two groups fundamentally compete for resources, the
excreted products from one organism may be the preferred C,
energy, and nutrient sources for another organism [170], leading to
cross-feeding (Fig. 3). Such cross-feeding interactions are complex
and pervasive in soil due to the great variability in feeding
preferences (Fig. 4). The metabolites released by one population
increase the quantity of substrates for another in cross-feeding.

Cross-fed bacteria and fungi are more resilient to environmen-
tal stress, especially nutrient limitation [130]. Fungi may benefit
from the presence of bacteria, especially with respect to accessing
organic N and removing growth inhibitors [172]. Basidiomycetes
and arbuscular mycorrhiza lack efficient exoenzymes to access
organic N directly [3]. In the mutual cross-feeding interactions
between N-fixing bacteria and basidiomycetes, the bacteria con-
tinuously provide N to basidiomycetes and, in exchange, the
bacteria utilize oligomers released by the fungal exoenzymes as
C, energy, and other nutrients (e.g. P) [172]. The cross-feeding
interactions are crucial in this coexistence, especially where one
population consumes the toxic metabolites released by another
and thus facilitates the growth of the metabolite-producing pop-
ulation [173].
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The presence of fungi helps bacteria to expand niche space.
This is confirmed by a 1.4-times-greater total expansion radius
of Pseudomonas aeruginosa PAO1-rfp in the presence of hyphae of
Penicillium sp. compared to without hyphae [169]. This is mainly
because fungi create a micro-hydrophysical environment that
increases bacterial motility and thus enables bacteria to colonize
unoccupied niches [169]. Such positive effects strongly regulate
bacterial diversity and functioning in soil. For example, the
extraradical hyphae of arbuscular mycorrhizal fungi transport
phosphate-solubilizing bacteria to organic P patches and thus
accelerate organic P mineralization [174]. Such coexistence
increases the resistance to allelochemical substances, thus
alleviating the negative effects of such substances on population
expansion. In the mutualism between Burkholderia terrae BS001
and nonwood decay fungi, B. terrae BSO01 protects the fungi
through sorption or detoxification effects from antagonistic
agents (e.g. cycloheximide, metabolites from the antagonistic
bacteria) [175]. In turn, the bacterium benefits by acquiring
organic compounds and nutrients released by the hyphae [175].

The coexistence of complex species networks increases the
resistance of microbial communities to environmental changes.
For example, although microbial OTU numbers decreased by 12%
under warming versus under the control, the resulting positive
associations were 43% larger under warming than under the
control [18]. This suggests that the main strategy adopted by
the microbial community to acclimate to warming is boosting
cooperative behaviors among the taxa [18].

Conclusions and future perspectives

The bacterial-fungal competition for C, energy, and nutrients
in soils is universal. This makes the consequences of such
interactions and their impacts on biogeochemical processes
crucial for soil functioning. We demonstrated that bacteria
are 1.4-5 times more efficient in incorporating simple organic
compounds as substrates, whereas fungi are 1.1-4.1 times more
effective in utilizing complex and persistent compounds. This
is mainly because bacteria more rapidly incorporate small
organic compounds through simpler cell membrane structures. In
contrast, fungi produce very efficient exoenzymes to decompose
complex compounds, enabling them to slowly obtain C and
energy during the decomposition of complex and persistent
compounds.

The strong exploitative competition outlined above leads to
chemical, spatial, and temporal niche differentiation. Specifically,
bacteria outcompete fungi for hydrophilic compounds (chemical
niche), dominate C utilization in bulk soil, deep soil, macroaggre-
gates, small pores (spatial niches), and anoxic locations (chemical
niches), as well as dominate the decomposition of plant litter at
the early stage. In contrast, effective exoenzymes help fungi to
outcompete bacteria for hydrophobic and persistent (e.g. lignin
and chitin) compounds and for niches that are rich in complex
compounds, such as the detritusphere, biopores, and the O hori-
zon. Root colonization increases fungal competitiveness for C and
energy sources in rhizosphere soil.

Our review opens the following important questions to be
addressed in the future:

(i) What are the differences in the C and energy requirements
and investments of bacteria and fungi that make them become
successful competitors?

(ii) What are the mechanisms of niche differentiation and
its consequences under increasing competition between bacteria
and fungi?

(iif) What are the mechanisms and consequences of this com-
petition for C, energy, and nutrients at spatial and temporal
scales?

(iv) How do the shifts of various resources (e.g. by global change
factors) modify the competitiveness of bacteria and fungi and the
consequences for their functioning in soil?

Acknowledgements

This work is supported by Shandong Provincial “811” Project of
First-class Discipline Construction and the National Key Research
and Development Program of China (2023YFD200140403).

Supplementary material

Supplementary material is available at The ISME journal online.

Conflicts of interest

The authors declare no competing financial interests.

Funding

Shandong Provincial “811” Project of First-class Discipline Con-
struction and the National Key Research and Development Pro-
gram of China (2023YFD20014003).

References

1. Bardgett RD, van der Putten WH. Belowground biodiversity and
ecosystem functioning. Nature 2014;515:505-11.

2. Faust K, Raes J. Microbial interactions: from networks to mod-
els. Nat Rev Microbiol 2012;10:538-50.

3. Cao T, Luo Y, Shi M et al. Microbial interactions for nutrient
acquisition in soil: miners, scavengers, and carriers. Soil Biol
Biochem 2024;188:109215.

4. Pierce EC, Morin M, Little JC et al. Bacterial-fungal interactions
revealed by genome-wide analysis of bacterial mutant fitness.
Nat Microbiol 2021;6:87-102.

5. Romdhane S, Spor A, Aubert J et al. Unraveling negative biotic
interactions determining soil microbial community assembly
and functioning. ISME J 2022;16:296-306.

6. Rousk ], Brookes PC, Bdath E. Investigating the mechanisms for
the opposing pH relationships of fungal and bacterial growth
in soil. Soil Biol Biochem 2010;42:926-34.

7. Foster KR, Bell T. Competition, not cooperation, dominates
interactions among culturable microbial species. Curr Biol
2012;22:1845-50.

8. Hibbing ME, Fuqua C, Parsek MR et al. Bacterial competition:
surviving and thriving in the microbial jungle. Nat Rev Microbiol
2010;8:15-25.

9. Rendueles O, Ghigo JM. Mechanisms of competition in biofilm
communities. In: Ghannoum M, Parsek M, Whiteley M, Mukher-
jee PK (eds). Microbial Bioffilms. 2nd ed. Washington, DC: ASM
press, 2015, pp. 319-42.

10. Coyte KZ, Schluter ], Foster KR. The ecology of the microbiome:
networks, competition, and stability. Science 2015;350:663-6.

11. Zengler K, Zaramela LS. The social network of microorgan-
isms—how auxotrophies shape complex communities. Nat Rev
Microbiol 2018;16:383-90.

12. Coban O, De Deyn GB, van der Ploeg M. Soil microbiota
as game-changers in restoration of degraded lands. Science
2022;375:eabe0725.

G20z Ae G1 uo 1sanb AQ Z6099./€L09BIM/L/8 | /8[IME/fowS)/W0d"dNOdIWSPED.//:SA)lY WOl PapEOjuMOd


https://academic.oup.com/ismej/article-lookup/doi/10.1093/ismejo/wrae073#supplementary-data

Bacterial-fungal competition in soil | 15

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

de Menezes AB, Richardson AE, Thrall PH. Linking fungal-
bacterial co-occurrences to soil ecosystem function. Curr Opin
Microbiol 2017;37:135-41.

Mason-Jones K, Robinson SL, Veen GFC et al. Microbial stor-
age and its implications for soil ecology. ISME ] 2022;16:
617-29.

Nazir R, Mazurier S, Yang P et al. The ecological role of type
three secretion systems in the interaction of bacteria with
fungi in soil and related habitats is diverse and context-
dependent. Front Microbiol 2017;8:38.

He P, Zhang Y, Shen Q et al. Microbial carbon use efficiency in
different ecosystems: a meta-analysis based on a biogeochem-
ical equilibrium model. Glob Chang Biol 2023;29:4758-74.

Hu J, Huang C, Zhou S et al. Nitrogen deposition affects micro-
bial carbon use efficiency: meta-analysis of similarities and
differences in ¥0 and *C approaches. Glob Chang Biol 2022;28:
4977-88.

Yuan MM, Kakouridis A, Starr E et al. Fungal-bacterial cooc-
currence patterns differ between arbuscular mycorrhizal fungi
and nonmycorrhizal fungi across soil niches. MBio 2021;12:
1110-28.

Wang C, Kuzyakov Y. Energy use efficiency of soil microorgan-
isms: driven by carbon recycling and reduction. Glob Chang Biol
2023;29:6170-87.

Wang C, Kuzyakov Y. Energy and enthalpy for microbial ener-
getics in soil. Glob Chang Biol 2024;30:e17184.

Mille-Lindblom C, Fischer H, J. Tranvik L. Antagonism between
bacteria and fungi: substrate competition and a possible trade-
off between fungal growth and tolerance towards bacteria.
Oikos 2006;113:233-42.

Cornforth DM, Foster KR. Competition sensing: the social side
of bacterial stress responses. Nat Rev Microbiol 2013;11:285-93.
Heilbronner S, Krismer B, Brotz-Oesterhelt H et al. The
microbiome-shaping roles of bacteriocins. Nat Rev Microbiol
2021;19:726-39.

de Boer W, Folman LB, Summerbell RC et al. Living in a fungal
world: impact of fungi on soil bacterial niche development.
FEMS Microbiol Rev 2005;29:795-811.

Reischke S, Rousk J, Bdath E. The effects of glucose loading rates
on bacterial and fungal growth in soil. Soil Biol Biochem 2014;70:
88-95.

Fierer N, Schimel JP, Holden PA. Variations in microbial com-
munity composition through two soil depth profiles. Soil Biol
Biochem 2003;35:167-76.

Jilkova V, Jandova K, Sim A et al. Soil organic matter decompo-
sition and carbon sequestration in temperate coniferous forest
soils affected by soluble and insoluble spruce needle fractions.
Soil Biol Biochem 2019:138:107595.

Griffin DM. A comparison of the roles of bacteria and fungi. In:
Leadbetter ER, Poindexter JS (eds). Bacteria in Nature: Volume 1:
Bacterial Activities in Perspective. Boston, MA: Springer US, 1985.
pp. 221-55.

Janowski D, Leski T. Factors in the distribution of mycorrhizal
and soil fungi. Diversity 2022;14:1122.

Dong J, Hunt J, Delhaize E et al. Impacts of elevated CO, on
plant resistance to nutrient deficiency and toxic ions via root
exudates: a review. Sci Total Environ 2021;754:142434.

XiaY, Chen X, Zheng X et al. Preferential uptake of hydrophilic
and hydrophobic compounds by bacteria and fungi in upland
and paddy soils. Soil Biol Biochem 2020;148:107879.

Nguyen C. Rhizodeposition of organic C by plant: mechanisms
and controls. Agronomie 2003;23:375-96.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Pausch J, Kuzyakov Y. Carbon input by roots into the soil:
quantification of rhizodeposition from root to ecosystem scale.
Glob Chang Biol 2018;24:1-12.

Kuzyakov Y, Domanski G. Carbon input by plants into the soil.
Review J Plant Nut Soil Sci 2000;163:421-31.

Lynch JM, Whipps JM. Substrate flow in the rhizosphere. Plant
Soil 1990;129:1-10.

Bais HP, Weir TL, Perry LG et al. The role of root exudates
in rhizosphere interactions with plants and other organisms.
Annu Rev Plant Biol 2006;57:233-66.

Wang C, Kuzyakov Y. Rhizosphere engineering for soil carbon
sequestration. Trends Plant Sci 2024;29:447-68.

Torres PA, Abril AB, Bucher EH. Microbial succession in lit-
ter decomposition in the semi-arid Chaco woodland. Soil Biol
Biochem 2005;37:49-54.

Hanson CA, Allison SD, Bradford MA et al. Fungal taxa tar-
get different carbon sources in forest soil. Ecosystems 2008;11:
1157-67.

Wang B, An S, Liang C et al. Microbial necromass as the source
of soil organic carbon in global ecosystems. Soil Biol Biochem
2021;162:108422.

Késtner M, Miltner A, Thiele-Bruhn S et al. Microbial necro-
mass in soils—linking microbes to soil processes and carbon
turnover. Front Environ Sci 2021;9:597.

LaRowe DE, Van Cappellen P. Degradation of natural organic
matter: a thermodynamic analysis. Geochim Cosmochim Ac
2011;75:2030-42.

Gunina A, Kuzyakov Y. From energy to (soil organic) matter.
Glob Chang Biol 2022;28:2169-82.

Brant JB, Sulzman EW, Myrold DD. Microbial community
utilization of added carbon substrates in response to long-
term carbon input manipulation. Soil Biol Biochem 2006;38:
2219-32.

Gunina A, Dippold M, Glaser B et al. Turnover of microbial
groups and cell components in soil: 13C analysis of cellular
biomarkers. Biogeosciences 2017;14:271-83.

Rinnan R, Baath E. Differential utilization of carbon substrates
by bacteria and fungi in tundra soil. Appl Environ Microbiol
2009;75:3611-20.

Zak DR, Kling GW. Microbial community composition and
function across an arctic tundra landscape. Ecology 2006;87:
1659-70.

Allard S, Gutierrez L, Fontaine C et al. Organic matter interac-
tions with natural manganese oxide and synthetic birnessite.
Sci Total Environ 2017:583:487-95.

Tian L, Dell E, Shi W. Chemical composition of dissolved organic
matter in agroecosystems: correlations with soil enzyme activ-
ity and carbon and nitrogen mineralization. Appl Soil Ecol
2010;46:426-35.

Kleber M, Eusterhues K, Keiluweit M et al. Mineral-organic
associations: formation, properties, and relevance in soil envi-
ronments. Adv Agron 2015;130:1-140.

Nazir R, Tazetdinova DI, van Elsas JD. Burkholderia terrae BSO01
migrates proficiently with diverse fungal hosts through soil
and provides protection from antifungal agents. Front Microbiol
2014;5:598.

Canarini A, Kiser LP, Dijkstra FA. Soil carbon loss regulated by
drought intensity and available substrate: a meta-analysis. Soil
Biol Biochem 2017;112:90-9.

de Vries FT, Liiri ME, Bjgrnlund L et al. Land use alters the
resistance and resilience of soil food webs to drought. Nat Clim
Chang 2012;2:276-80.

G20z Ae G1 uo 1sanb AQ Z6099./€L09BIM/L/8 | /8[IME/fowS)/W0d"dNOdIWSPED.//:SA)lY WOl PapEOjuMOd



16

Wang and Kuzyakov

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

Tijhuis L, van Loosdrecht MCM, Heijnen JJ. A thermodynami-
cally based correlation for maintenance Gibbs energy require-
ments in aerobic and anaerobic chemotrophic growth. Biotech-
nol Bioeng 1993;42:509-19.

Guhr A, Borken W, Spohn M et al. Redistribution of soil water
by a saprotrophic fungus enhances carbon mineralization. Proc
Natl Acad Sci 2015;112:14647-51.

Boswell GP, Jacobs H, Ritz K et al. The development of fungal
networks in complex environments. Bull Math Biol 2007;69:
605-34.

Wolf AB, Vos M, de Boer W et al. Impact of matric potential and
pore size distribution on growth dynamics of filamentous and
non-filamentous soil bacteria. PLoS One 2013:8:e83661.
Lindahl BD, Olsson S. Fungal translocation-creating and
responding to environmental heterogeneity. Mycologist 2004;18:
79-88.

Rousk J, Baath E. Fungal and bacterial growth in soil with plant
materials of different C/N ratios. FEMS Microbiol Ecol 2007;62:
258-67.

Rousk J, Baath E. Growth of saprotrophic fungi and bacteria in
soil. FEMS Microbiol Ecol 2011;78:17-30.

Wang BT, Hu S, Yu XY et al. Studies of cellulose and starch
utilization and the regulatory mechanisms of related enzymes
in fungi. Polymers 2020;12:530.

Lopez-Mondéjar R, Algora C, Baldrian P. Lignocellulolytic sys-
tems of soil bacteria: a vast and diverse toolbox for biotechno-
logical conversion processes. Biotechnol Adv 2019;37:107374.
Makeld MR, Bredeweg EL, Magnuson JK et al. Fungal ligninolytic
enzymes and their applications. Microbiol Spectr 2016;4:780.
Meidute S, Demoling F, Baath E. Antagonistic and synergistic
effects of fungal and bacterial growth in soil after adding
different carbon and nitrogen sources. Soil Biol Biochem 2008;40:
2334-43.

Fritts RK, McCully AL, McKinlay JB. Extracellular metabolism
sets the table for microbial cross-feeding. Microbiol Mol Biol Rev
2021;85:€00135-20.

de Boer W, Verheggen P, Klein Gunnewiek PJ et al. Microbial
community composition affects soil fungistasis. Appl Environ
Microbiol 2003;69:835-44.

Isaacson HR, Hinds FC, Bryant MP et al. Efficiency of energy
utilization by mixed rumen bacteria in continuous culture. ]
Dairy Sci 1975;58:1645-59.

Jones DL. Organic acids in the rhizosphere-a critical review.
Plant Soil 1998;205:25—44.

Chen Y, Li W, You Y et al. Soil properties and substrate quality
determine the priming of soil organic carbon during vegetation
succession. Plant Soil 2022;471:559-75.

Deng S, Zheng X, Chen X et al. Divergent mineralization of
hydrophilic and hydrophobic organic substrates and their
priming effect in soils depending on their preferential utiliza-
tion by bacteria and fungi. Biol Fertil Soils 2021;57:65-76.
Dennis PG, Miller AJ, Hirsch PR. Are root exudates more impor-
tant than other sources of rhizodeposits in structuring rhi-
zosphere bacterial communities? FEMS Microbiol Ecol 2010;72:
313-27.

Di Lonardo DP, De Boer W, Gunnewiek PK et al. Priming of
soil organic matter: chemical structure of added compounds
is more important than the energy content. Soil Biol Biochem
2017;108:41-54.

Chen X, Ding Z, Tang M et al. Greater variations of rhizosphere
effects within mycorrhizal group than between mycorrhizal
group in a temperate forest. Soil Biol Biochem 2018;126:237-46.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

Guo HC, Wang WB, Luo XH et al. Characteristics of rhizosphere
and bulk soil microbial communities in rubber plantations in
Hainan Island, China. J Trop For Sci 2015;27:202-12.

Védere C, Gonod LV, Pouteau V et al. Spatial and temporal
evolution of detritusphere hotspots at different soil moistures.
Soil Biol Biochem 2020;150:107975.

Yuan MM, Guo X, Wu L et al. Climate warming enhances micro-
bial network complexity and stability. Nat Clim Chang 2021;11:
343-8.

Banfield CC, Dippold MA, Pausch ] et al. Biopore history
determines the microbial community composition in subsoil
hotspots. Biol Fertil Soils 2017;53:573-88.

Wang C, Xue L, Dong Y et al. Contrasting effects of Chinese fir
plantations of different stand ages on soil enzyme activities
and microbial communities. Forests 2018;10:11.

Xu T, Chen X, Hou Y et al. Changes in microbial biomass,
community composition and diversity, and functioning with
soil depth in two alpine ecosystems on the Tibetan plateau.
Plant Soil 2021;459:137-53.

Trivedi P, Delgado-Baquerizo M, Jeffries TC et al. Soil aggrega-
tion and associated microbial communities modify the impact
of agricultural management on carbon content. Environ Micro-
biol 2017;19:3070-86.

Liao H, Zhang Y, Wang K et al. Complexity of bacterial and fun-
gal network increases with soil aggregate size in an agricultural
Inceptisol. Appl Soil Ecol 2020;154:103640.

Walker GM, White NA. Introduction to fungal physiology, p 1-
35. In: Kavanagh K. (ed.), Fungi: Biology and Applications. Hobo-
ken, NJ: John Wiley & Sons, 2017.

Bronick CJ, Lal R. Soil structure and management: a review.
Geoderma 2005;124:3-22.

Fontaine S, Henault C, Aamor A et al. Fungl mediate
long term sequestration of carbon and nitrogen in soil
through their priming effect. Soil Biol Biochem 2011;43:
86-96.

Blagodatskaya E, Khomyakov N, Myachina O et al. Microbial
interactions affect sources of priming induced by cellulose. Soil
Biol Biochem 2014;74:39-49.

Brown L, Wolf JM, Prados-Rosales R et al. Through the wall:
extracellular vesicles in gram-positive bacteria, mycobacteria
and fungi. Nat Rev Microbiol 2015;13:620-30.

Fuhrmann JJ, Zuberer DA. Carbon transformations and soil
organic matter formation. In: Gentry TJ, Fuhrmann JJ, Zuberer
DA (eds). Principles and Applications of Soil Microbiology. 3rd ed.
Elsevier, Amsterdam, 2021; pp. 327-61.

Juturu V, Wu JC. Microbial production of bacteriocins: latest
research development and applications. Biotechnol Adv 2018;36:
2187-200.

Drews J. Drug discovery: a historical perspective. Science
2000;287:1960-4.

Lackner G, Partida-Martinez LP, Hertweck C. Endofungal bacte-
ria as producers of mycotoxins. Trends Microbiol 2009;17:570-6.
Bruce A, Wheatley RE, Humphris SN et al. Production of volatile
organic compounds by Trichoderma spp. in media containing
different amino acids and their effect on selected wood decay
fungi. Holzforschung 2000;54:481-6.

Peleg AY, Hogan DA, Mylonakis E. Medically important bacte-
rial-fungal interactions. Nat Rev Microbiol 2010;8:340-9.

Xavier JB, Foster KR. Cooperation and conflict in microbial
biofilms. Proc Natl Acad Sci 2007:104:876-81.

Nadell CD, Xavier JB, Foster KR. The sociobiology of biofilms.
FEMS Microbiol Rev 2008;33:206-24.

G20z Ae G1 uo 1sanb AQ Z6099./€L09BIM/L/8 | /8[IME/fowS)/W0d"dNOdIWSPED.//:SA)lY WOl PapEOjuMOd



Bacterial-fungal competition in soil | 17

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

Schertzer JW, Boulette ML, Whiteley M. More than a signal:
non-signaling properties of quorum sensing molecules. Trends
Microbiol 2009;17:189-95.

Budi SW, Van Tuinen D, Arnould C et al. Hydrolytic enzyme
activity of Paenibacillus sp. strain B2 and effects of the antago-
nistic bacterium on cell integrity of two soil-borne pathogenic
fungi. Appl Soil Ecol 2000;15:191-9.

Trejo-Hernandez A, Andrade-Dominguez A, Hernandez M et al.
Interspecies competition triggers virulence and mutability in
Candida albicans—Pseudomonas aeruginosa mixed biofilms. ISME ]
2014;8:1974-88.

Mela F, Fritsche K, de Boer W et al. Dual transcriptional profil-
ing of a bacterial/fungal confrontation: Collimonas fungivorans
versus Aspergillus niger. ISME ] 2011;5:1494-504.

Leveau JH, Preston GM. Bacterial mycophagy: definition and
diagnosis of a unique bacterial-fungal interaction. New Phytol
2008;177:859-76.

Hoppener-Ogawa S, Leveau JH, van Veen JA et al. Mycophagous
growth of Collimonas bacteria in natural soils, impact on fungal
biomass turnover and interactions with mycophagous Tricho-
derma fungi. ISME ] 2009;3:190-8.

Starke R, Kermer R, Ullmann-Zeunert L et al. Bacteria dominate
the short-term assimilation of plant-derived N in soil. Soil Biol
Biochem 2016;96:30-8.

Lee S, Kang M, Bae JH et al. Bacterial valorization of lignin:
strains, enzymes, conversion pathways, biosensors, and per-
spectives. Front Bioeng Biotechnol 2019;7:209.

Allison SD, Chacon SS, German DP. Substrate concentra-
tion constraints on microbial decomposition. Soil Biol Biochem
2014;79:43-9.

Wosten HA. Hydrophobins: multipurpose proteins. Annu Rev
Microbiol 2001;55:625-46.

Bhardwaj G, Cameotra SS, Chopra HK. Biosurfactants from
fungi: a review. J Pet Environ Biotechnol 2013;4:1-6.

Ling N, Wang T, Kuzyakov Y. Rhizosphere bacteriome structure
and functions. Nat Commun 2022;13:836.

Zelenev VV, Van Bruggen AHC, Semenov AM. Modeling wave-
like dynamics of oligotrophic and copiotrophic bacteria along
wheat roots in response to nutrient input from a growing root
tip. Ecol Model 2005;188:404-17.

Blume E, Bischoff M, Reichert JM et al. Surface and subsurface
microbial biomass, community structure and metabolic activ-
ity as a function of soil depth and season. Appl Soil Ecol 2002;20:
171-81.

Zeilinger S, Gupta VK, Dahms TE et al. Friends or foes? Emerging
insights from fungal interactions with plants. FEMS Microbiol
Rev 2016;40:182-207.

Six J, Paustian K, Elliott ET et al. Soil structure and organic
matter I. Distribution of aggregate-size classes and aggregate-
associated carbon. Soil Sci Soc Am J 2000;64:681-9.

Cotrufo MF, Lavallee JM. Soil organic matter formation, persis-
tence, and functioning: a synthesis of current understanding to
inform its conservation and regeneration. Adv Agron 2022;172:
1-66.

Zhang TA, Chen HY, Ruan H. Global negative effects of nitrogen
deposition on soil microbes. ISME ] 2018;12:1817-25.

Hayden HL, Mele PM, Bougoure DS et al. Changes in the micro-
bial community structure of bacteria, archaea and fungi in
response to elevated CO, and warming in an Australian native
grassland soil. Environ Microbiol 2012;14:3081-96.

LiG,Kim S, Han SH et al. Precipitation affects soil microbial and
extracellular enzymatic responses to warming. Soil Biol Biochem
2018;120:212-21.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

Thakur MP, Del Real IM, Cesarz S et al. Soil microbial, nema-
tode, and enzymatic responses to elevated CO,, N fertilization,
warming, and reduced precipitation. Soil Biol Biochem 2019;135:
184-93.

IPCC. In: Pachauri R.K.,, Meyer L.A. (eds.), Climate Change 2014:
Synthesis Report. Contribution of Working Groups I, II and III to the
Fifth Assessment Report of the Intergovernmental Panel on Climate
Change [Core Writing Team]. Geneva, Switzerland: IPCC, 2014,
151.

Fontaine S, Bardoux G, Abbadie L et al. Carbon input to soil may
decrease soil carbon content. Ecol Lett 2004;7:314-20.

Phillips RP, Finzi AC, Bernhardt ES. Enhanced root exuda-
tion induces microbial feedbacks to N cycling in a pine
forest under long-term CO;, fumigation. Ecol Lett 2011;14:
187-94.

Blagodatskaya E, Kuzyakov Y. Mechanisms of real and appar-
ent priming effects and their dependence on soil microbial
biomass and community structure: critical review. Biol Fertil
Soils 2008;45:115-31.

Cheng W, Zhang Q, Coleman DC et al. Is available carbon lim-
iting microbial respiration in the rhizosphere? Soil Biol Biochem
1996;28:1283-8.

Schimel JP, Jackson LE, Firestone MK. Spatial and temporal
effects on plant-microbial competition for inorganic nitrogen
in a California annual grassland. Soil Biol Biochem 1989;21:
1059-66.

Xiong L, Liu X, Vinci G et al. Molecular changes of soil organic
matter induced by root exudates in a rice paddy under CO,
enrichment and warming of canopy air. Soil Biol Biochem
2019;137:107544.

Kuzyakov Y, Friedel JK, Stahr K. Review of mechanisms and
quantification of priming effects. Soil Biol Biochem 2000;32:
1485-98.

Treseder KK. A meta-analysis of mycorrhizal responses to
nitrogen, phosphorus, and atmospheric CO, in field studies.
New Phytol 2004;164:347-55.

Strickland MS, Rousk J. Considering fungal: bacterial domi-
nance in soils-methods, controls, and ecosystem implications.
Soil Biol Biochem 2010;42:1385-95.

IPCC. Climate Change 2013—The Physical Science Basis. New York:
Cambridge University Press, 2013.

Corkidi L, Rowland DL, Johnson NC et al. Nitrogen fertilization
alters the functioning of arbuscular mycorrhizas at two semi-
arid grasslands. Plant Soil 2012;240:299-310.

Morrison EW, Frey SD, Sadowsky JJ et al. Chronic nitrogen addi-
tions fundamentally restructure the soil fungal community in
a temperate forest. Fungal Ecol 2016;23:48-57.

Fierer N, Lauber CL, Ramirez KS et al. Comparative metage-
nomic, phylogenetic and physiological analyses of soil micro-
bial communities across nitrogen gradients. ISME ] 2012;6:
1007-17.

Velez P, Espinosa-Asuar L, Figueroa M et al. Nutrient dependent
cross-kingdom interactions: fungi and bacteria from an olig-
otrophic desert oasis. Front Microbiol 2018;9:1755.

Yu W, Hall SJ, Hu H et al. Chronic nitrogen deposition drives
microbial community change and disrupts bacterial-fungal
interactions along a subtropical urbanization gradient. Soil Biol
Biochem 2022;169:108676.

Tian D, Niu S. A global analysis of soil acidification caused by
nitrogen addition. Environ Res Lett 2015;10:024019.
Quiquampoix H. Mechanisms of protein adsorption on surfaces
and consequences for extracellular enzyme activity in soil. Soil
Biochem 2000;10:171-206.

G20z Ae G1 uo 1sanb AQ Z6099./€L09BIM/L/8 | /8[IME/fowS)/W0d"dNOdIWSPED.//:SA)lY WOl PapEOjuMOd



18

Wang and Kuzyakov

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

Malik AA, Puissant J, Buckeridge KM et al. Land use driven
change in soil pH affects microbial carbon cycling processes.
Nat Commun 2018;9:3591.

Jones DL, Cooledge EC, Hoyle FC et al. pH and exchangeable
aluminum are major regulators of microbial energy flow and
carbon use efficiency in soil microbial communities. Soil Biol
Biochem 2019;138:107584.

Holyoak CD, Stratford M, McMullin Z et al. Activity of the
plasma membrane H*-ATPase and optimal glycolytic flux are
required for rapid adaptation and growth of Saccharomyces
cerevisiae in the presence of the weak-acid preservative sorbic
acid. Appl Environ Microbiol 1996;62:3158-64.

Griffiths BS, Ritz K, Ebblewhite N et al. Soil microbial com-
munity structure: effects of substrate loading rates. Soil Biol
Biochem 1998;31:145-53.

McCarthy AJ. Lignocellulose-degrading actinomycetes. FEMS
Microbiol Rev 1987;3:145-63.

Steidinger BS, Crowther TW, Liang J et al. Climatic controls
of decomposition drive the global biogeography of forest-tree
symbioses. Nature 2019;569:404-8.

Blankinship JC, Niklaus PA, Hungate BA. A meta-analysis of
responses of soil biota to global change. Oecologia 2011;165:
553-65.

Guo X, Feng ], Shi Z et al. Climate warming leads to divergent
succession of grassland microbial communities. Nat Clim Chang
2018;8:813-8.

Blois JL, Zarnetske PL, Fitzpatrick MC et al. Climate change
and the past, present, and future of biotic interactions. Science
2013;341:499-504.

Thakur MP, Tilman D, Purschke O et al. Climate warming
promotes species diversity, but with greater taxonomic
redundancy, in complex environments. Sci Adv 2017;3:
€1700866.

Melillo JM, Frey SD, DeAngelis KM et al. Long-term pattern and
magnitude of soil carbon feedback to the climate system in a
warming world. Science 2017;358:101-5.

Wu L, Zhang Y, Guo X et al. Reduction of microbial diversity
in grassland soil is driven by long-term climate warming. Nat
Microbiol 2022;7:1054-62.

Alster CJ, Weller ZD, von Fischer JC. A meta-analysis of temper-
ature sensitivity as a microbial trait. Glob Chang Biol 2018;24:
4211-24.

Zhou J, Xue K, Xie J et al. Microbial mediation of carbon-cycle
feedbacks to climate warming. Nat Clim Chang 2012;2:106-10.
Zheng W, Zhao Z, Gong Q et al. Responses of fungal-bacterial
community and network to organic inputs vary among dif-
ferent spatial habitats in soil. Soil Biol Biochem 2018;125:
54-63.

Gillooly JF, Brown JH, West GB et al. Effects of size and temper-
ature on metabolic rate. Science 2001;293:2248-51.

Calvin M, Bassham JA. The Photosynthesis of Carbon Compounds.
W. A: Benjamin, 1962.

Schimel JP. Life in dry soils: effects of drought on soil microbial
communities and processes. Annu Rev Ecol Evol Syst 2018;49:
409-32.

More TT, Yadav JSS, Yan S et al. Extracellular polymeric sub-
stances of bacteria and their potential environmental applica-
tions. ] Environ Manag 2014;144:1-25.

Boot CM, Schaeffer SM, Schimel JP. Static osmolyte concen-
trations in microbial biomass during seasonal drought in a
California grassland. Soil Biol Biochem 2013;57:356-61.

Schimel ], Balser TC, Wallenstein M. Microbial stress-response
physiology and its implications for ecosystem function. Ecology
2007;88:1386-94.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

Patzner MS, Mueller CW, Malusova M et al. Iron mineral dis-
solution releases iron and associated organic carbon during
permafrost thaw. Nat Commun 2020;11:6329.

Chowdhury N, Marschner P, Burns R. Response of microbial
activity and community structure to decreasing soil osmotic
and matric potential. Plant Soil 2011;344:241-54.

Sardans], PefiuelasJ. Drought decreases soil enzyme activity in
a Mediterranean Quercus ilex L. forest. Soil Biol Biochem 2005;37:
455-61.

Sorensen PO, Templer PH, Finzi AC. Contrasting effects of
winter snowpack and soil frost on growing season microbial
biomass and enzyme activity in two mixed-hardwood forests.
Biogeochemistry 2016;128:141-54.

Mackelprang R, Saleska SR, Jacobsen CS et al. Permafrost meta-
omics and climate change. Annu Rev Earth Planet Sci 2016;44:
439-62.

Gao'Y, Zhou P, Mao L et al. Assessment of effects of heavy met-
als combined pollution on soil enzyme activities and micro-
bial community structure: modified ecological dose-response
model and PCR-RAPD. Environ Earth Sci 2010;60:603-12.

PanJ, Yu L. Effects of Cd or/and Pb on soil enzyme activities and
microbial community structure. Ecol Eng 2011;37:1889-94.
Diaz-Vallejo EJ, Seeley M, Smith AP et al. A meta-analysis
of tropical land-use change effects on the soil microbiome:
emerging patterns and knowledge gaps. Biotropica 2021;53:
738-52.

Barreiro A, Diaz-Ravifia M. Fire impacts on soil microorgan-
isms: mass, activity, and diversity. Curr Opin Environ Sci Health
2021;22:100264.

Jansson JK, Hofmockel KS. Soil microbiomes and climate
change. Nat Rev Microbiol 2020;18:35-46.

Santin C, Doerr SH, Kane ES et al. Towards a global assess-
ment of pyrogenic carbon from vegetation fires. Glob Chang Biol
2016;22:76-91.

Zhang G, BaiJ, Zhai Y et al. Microbial diversity and functions in
saline soils: a review from a biogeochemical perspective. ] Adv
Res 2023;59:129-40.

Machado D, Maistrenko OM, Andrejev S et al. Polarization of
microbial communities between competitive and cooperative
metabolism. Nat Ecol Evol 2021;5:195-203.

Johnston SR, Boddy L, Weightman AJ. Bacteria in decompos-
ing wood and their interactions with wood-decay fungi. FEMS
Microbiol Ecol 2016;92:fiw179.

Ona L, Giri S, Avermann N et al. Obligate cross-feeding expands
the metabolic niche of bacteria. Nat Ecol Evol 2021:5:1224-32.
Zelezniak A, Andrejev S, Ponomarova O et al. Metabolic depen-
dencies drive species co-occurrence in diverse microbial com-
munities. Proc Natl Acad Sci 2015;112:6449-54.

Ruan C, Ramoneda J, Gogia G et al. Fungal hyphae regulate
bacterial diversity and plasmid-mediated functional novelty
during range expansion. Curr Biol 2022;32:5285-94.

de Boer W, van der Wal A. Interactions between saprotrophic
basidiomycetes and bacteria. In: Boddy L, Frankland JC, van
West P (eds). British Mycological Society Symposia Series. Academic
Press, Cambridge, 2008; pp. 143-53.

Smith NW, Shorten PR, Altermann E et al. The classification and
evolution of bacterial cross-feeding. Front Ecol Evol 2019;7:153.
Dolinsek ], Goldschmidt F, Johnson DR. Synthetic microbial
ecology and the dynamic interplay between microbial geno-
types. FEMS Microbiol Rev 2016;40:961-79.

Jiang F, Zhang L, Zhou ] et al. Arbuscular mycorrhizal fungi
enhance mineralisation of organic phosphorus by carrying
bacteria along their extraradical hyphae. New Phytol 2021;230:
304-15.

G20z Ae G1 uo 1sanb AQ Z6099./€L09BIM/L/8 | /8[IME/fowS)/W0d"dNOdIWSPED.//:SA)lY WOl PapEOjuMOd



	 Mechanisms and implications of bacterial--fungal competition for soil resources
	Introduction
	Carbon and energy demands of bacteria and fungi
	Hydrophobicity of carbon and energy sources
	Preferences for carbon and energy sources
	Bacterial--fungal competition and niche differentiation  
	Global change impacts
	Coexistence of bacteria and fungi
	Conclusions and future perspectives
	Acknowledgements
	Supplementary material
	Conflicts of interest
	Funding


