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ABSTRACT

The objective of this study was to evaluate the potential of topsoil obtained from a natural forest fragment in the Brazilian Atlantic
Forest to serve as a source of symbiotic microorganisms capable of promoting the growth of native tree species in ecological
restoration projects. In greenhouse conditions, 14 experiments in a completely randomized design were conducted in 1,700 cm?® pots
filled with sterilized substrate. The effect of adding 80 g of topsoil, either in natura or sterilized, to the substrate was tested on the
growth of 14 tree species. Plant height, stem diameter, mycorrhizal colonization and dry masses of shoot, roots, and nodules of tree
species were measured. Applying the topsoil to the pots generally resulted in significant increases in height and stem diameter of
seedlings compared to the control group during the three to six-month evaluation period. This effect was particularly greater in the
nodulating species Plathymenia reticulata, Dalbergia nigra and Mimosa bimucronata, with increases in height and stem diameter of up to
328% and 484%, respectively. Forest topsoil also had a positive impact on the growth of shoot, roots, and nodules of the plants,
significantly differing from the control groups. Only the plants that received the topsoil i natura exhibited mycorrhizal colonization
and the formation of nodules in nitrogen-fixing species. These plants that established mycorrhizas and nodules presented higher
concentrations of phosphorous and nitrogen in their biomass, respectively. Under controlled conditions, the use of forest topsoil
proved to be a promising strategy for the introduction of microorganisms that can enhance the growth of tree species, thereby holding
potential for implementation in nurseries and field settings.

Keywords: ecological restoration; topsoil; root symbionts; nitrogen-fixing bacteria; arbuscular mycorrhizal fungi.

RESUMO

O objetivo deste estudo foi avaliar o potencial do #gpsei/ obtido de um fragmento florestal natural da Mata Atlantica brasileira para
servir como fonte de microrganismos simbiéticos capazes de promover o crescimento de espécies arbéreas nativas em projetos de
restauracdo ecolégica. Em casa de vegetacdo, foram conduzidos 14 experimentos em delineamento inteiramente casualizado, em
vasos de 1.700 cm? preenchidos com substrato esterilizado. O efeito da adi¢do de 80 g de solo superficial, in natura ou esterilizado,
ao substrato foi testado no crescimento de 14 espécies arboreas. Foram mensuradas a altura das plantas, o diametro do caule, a
colonizagdo micorrizica e as massas secas da parte aérea, das raizes e dos nédulos das espécies arboreas. A aplicagio do gpsoil nos
vasos geralmente resultou em aumentos significativos na altura e no didmetro do caule das mudas em comparacdo com o grupo
controle durante o perfodo de avaliacio de trés a seis meses. Este efeito foi particularmente maior nas espécies nodulantes Plathymenia
reticulata, Dalbergia nigra e Mimosa bimucronata, com aumentos na altura e no didmetro do caule de até 328% e 484%, respectivamente.
O tgpsoil florestal também teve um impacto positivo no crescimento da parte aérea, das raizes e dos nédulos das plantas, diferindo
significativamente do grupo controle. Apenas as plantas que receberam a camada superficial do solo iz natura apresentaram

e Submiss&o: 26/10/2023 ° Aceite: 28/12/2023 @ Publicagdo: 05/04/2024

v.13,n.1,2024 « p. 105-129. « DOI http://dx.doi.org/10.21664/2238-8869.2024v13i1p.105-129.

© 2021 by the authors. Esta revista oferece acesso livre imediato ao seu contetdo, seguindo o principio de que disponibilizar gratuitamente o
conhecimento cientifico ao publico proporciona maior democratizagdo mundial do conhecimento. Este manuscrito é distribuido nos termos da ® @
licenga Creative Commons — Atribuicdo - NaoComercial 4.0 Internacional (https://creativecommons.org/licenses/by-nc/4.0/legalcode), que

permite reproduzir e compartilhar o material licenciado, no todo ou em parte, somente para fim ndo comercial; e produzir, reproduzir, e

compartilhar material adaptado somente para fim nao comercial.



http://periodicos.unievangelica.edu.br/fronteiras/

Symbiotic Potential of Soil Microorganisms in Promoting the Growth of Atlantic Forest Tree Species
Thaina Alves dos Santos, Felipe Ferreira da Silva, Sergio Miana de Faria, Guilherme Montandon Chaer

colonizagao micortizica e formagio de nédulos nas espécies fixadoras de nitrogénio. Essas plantas que estabeleceram micorrizas e
nédulos apresentaram maiores concentragdes de fosforo e nitrogénio em sua biomassa, respectivamente. Sob condi¢bes controladas,
o uso do zgpsoil florestal provou ser uma estratégia promissora para a introducdo de microrganismos que podem aumentar o
crescimento de espécies arboreas, mantendo assim potencial para implementagio em viveiros e ambientes de campo.
Palavras-chave: restauracdo ecoldgica; topsoil; simbiontes radiculares; bactérias fixadoras de nitrogénio; fungos micortizicos
arbusculares.

Introduction

Tropical forests are important reservoirs of biodiversity (Sun et al. 2020) and provide various ecosystem
services, such as carbon sequestration, nutrient cycling, and water regulation (Jakovac et al. 2021). The first 10
centimeters of the forest topsoil contain a high abundance of microbial biomass (Barros et al. 2019), which
plays a critical role in maintaining important ecological functions of the soil (Ivanova et al. 2018), such as the
decomposition and the mineralization of organic matter, the cycling of nutrients, as well as plant resistance to
biotic and abiotic stresses, impacting the productivity and vegetal composition (Vandenkoornhuyse et al. 2015;
Pedone-Bonfim et al. 2018; Berkelmann et al. 2020). However, the conversion of tropical forests to alternative
land uses, primarily agriculture and pasture, persists as a significant threat to these critical ecosystems worldwide
(Jakovac et al. 2021).

Microorganisms represent the most sensitive fraction to changes in soil use and management (Barros et al.
2019). Management practices in forest areas converted to pastures and agriculture, such as intensive soil
preparation, fertilization, and herbicide application, lead to reduced microbial biomass and biotic
homogenization (Gossner et al. 2016; Berkelmann et al. 2020), causing impacts on the structure and functional
potential of communities (Berkelmann et al. 2020).

In the Brazilian Atlantic Forest biome, planting native tree seedlings is the most common technique used
in restoration projects of degraded areas (Brancalion et al. 2019). However, focusing on reintroducing plants
without restoring associated microbiomes may limit restoration success (Koziol et al. 2018; Redford 2023). In
this sense, the use of natural forest topsoil in the production of seedlings of native tree species or using it as a
planting amendment in areas designated for restoration can serve as an effective nucleation strategy. This
approach may facilitate the reintroduction of native microorganisms and promotes beneficial ecological
interactions between plants and associated microorganisms, favoring the growth and establishment of plants in
the field.

Averill et al. (2022) analyzed several experiments showing that restoring the soil microbiome can help in
the recovery of degraded ecosystems. They point out that, on average, transposition of the native soil
microbiome using topsoil samples resulted in a 64% increase in plant biomass in all ecosystems studied. In
addition, these authors showed that soil microbiome recovery can improve carbon uptake and nutrient cycling,
as well as increase plant resistance to abiotic and biotic stresses.

In another study, Silva (2018) demonstrated the beneficial effects of using two topsoils originated from
remnants of natural vegetation in the Caatinga biome in Brazil on the growth of Mimosa caesalpiniifolia Benth., a
native leguminous tree species. The experiment, conducted under greenhouse conditions, showed that adding
only 10 g of topsoil in the planting furrow of M. caesalpiniifolia seeds resulted in a remarkable increase in biomass
production, reaching up to 256% when compared to the control (which received sterilized topsoil). In addition,
the growth of the species in the presence of topsoil was similar to treatments that received inoculants composed
of arbuscular mycorrhizal fungi (AMF) spores and strains of rhizobia previously selected for that particular

plant species.
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This study aimed to evaluate the impact of using topsoil collected from an Atlantic Forest fragment on the
growth and establishment of symbioses with nitrogen-fixing bacteria (NFB) and arbuscular mycorrhizal fungi
in 14 tree species commonly used in forest restoration projects within the biome. The findings from this study
have the potential to enhance our understanding of the influence exerted by native soil microbiota on the

growth of native tree species of the biome, thereby contributing to more effective forest restoration efforts.
2 Material and methods

2.1 Collection of the forest topsoil

Topsoil samples were obtained from a fragment of native vegetation in the Atlantic Forest situated in
Lidice, Rio Claro municipality, Rio de Janeiro state, Brazil (22°50°18”’S, 44°12°52”W; 550 m to 650 m asl). The
predominant vegetation of the site is characterized as Dense Montane Rainforest (Brazilian Institute of
Geography and Statistics [IBGE] 2012). The climate of the region falls under the Cwa category according to
the Koppen classification (Alvares et al. 2013), which is characterized by cold and dry winters, and hot and
rainy summers. The region has an annual average rainfall of 1,300 mm from January 2017 to December 2020,
with monthly average temperatures ranging from 15.2 °C to 25.7 °C and an annual average of 21.3 °C (National
Institute of Meteorology [INMET] 2021).

In March 2021, topsoil samples were collected at 20 points following a zigzagging gradient, from the forest
interior to the forest edge, covering a distance of 500 m. At each sampling point, soil from the 0-2.5 cm depth
was collected within a 0.04 m? area using a hoe. The raw litter layer above the topsoil was discarded before
sampling. The collected samples were homogenized to create a composite sample. In the laboratory, the
composite sample was air-dried, crushed, and sieved through a 2 mm mesh. To maintain the integrity of the

samples, they were kept refrigerated at 5 °C until analysis and experimental installation were carried out.

2.2 Physical and chemical analyses of topsoil

Physical and chemical analyses of the topsoil were carried out using established methodologies (Teixeira
et al. 2017). Granulometric analysis was performed using the densitometer method to determine the contents
of the clay and sand + silt fractions (Table 1). Chemical analyses included determining the organic matter using
the Walkley and Black method, pH in water (1:2.5 soil/water) measured by potentiometry, calcium (Ca*") and
magnesium (Mg”") by atomic absorption spectrometry, and aluminum (AI’") by titration after extraction with 1
mol 1" KCI. Phosphorus (P) was determined by spectrophotometry, potassium (K*) by flame photometry, and
potential acidity (H+Al) by titration after extraction with calcium acetate. Sum of bases (S), potential cation
exchange capacity (CEC at pH 7.0), and percent of base saturation (V) were calculated. Table 1 presents the
characterization of fertility and percentages of sand, clay, and silt in topsoil, /# natura and after sterilization (see
section 2.4).
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Table 1 Chemical and physical characterization of the forest topsoil, in natura and sterilized (control treatment), collected from an Atlantic Forest fragment at
Rio Claro, RJ, Brazil, at a depth of 0-2.5 cm

CEC
MO pH N P K* Ca? Mg? APt H+Al S H b BS®¢ Sand+Silt Clay
p
Treatment dag/dm3 - mg/dm3------  cceeeeeees cmole/dmB------------- % - g/kg-----
Topsoil in natura 4,1 51 10 112 53 21 09 06 58 314 894 35 700 300
Topsoil sterilized 4,0 52 10 112 53 22 08 04 60 314 914 34 705 295

aSum of bases; bcation exchange capacity at pH 7; cbase saturation. Source: elaborated by the authors.

2.3 Biological analyses

The biological analyses consisted of quantifying the density of nitrogen-fixing nodular bacteria (rhizobia)
and arbuscular mycorrhizal fungi spores present in the topsoil to determine if the soil provided viable symbiotic

microorganisms to the plants.

2.3.1 Determination of rhizobia density

The rhizobia density in the topsoil was determined by the most probable number method (MNP) (Jarvis
et al. 2010), using Mzmosa pudica L. (sensitive plant) and Phaseolus vulgaris L. (common bean) as bait plants. To
break the dormancy of the M. pudica seeds, they were immersed in 98% H>SO4 for 10 minutes (Rahman et al.
2018). Both species seeds were disinfested by immersing then in 70% (w/v) alcohol for 1 minute and then in
2% (w/v) NaClO for 3 minutes. The seeds were then washed ten times with autoclaved distilled water and
placed in sterile Petri dishes containing cotton and filter paper soaked in sterile distilled water. Petri dishes with
seeds were then incubated in a B.O.D. type germination chamber at 30°C with a 12-hour photoperiod until the
radicles emerged.

For the MNP analysis, 10 grams of the topsoil sample were transferred to a 250 mL Erlenmeyer flask
containing 90 mL of autoclaved sterile saline solution (0.85% NaCl), and successive dilutions were made,
obtaining dilutions of 10" to 10°. In the greenhouse, the plants were grown in Leonatd pots containing 1.5 kg
of substrate composed of sand and vermiculite (1:1), which had previously been sterilized in an autoclave at
121°C for 60 minutes. Three Leonard pots were used for each dilution, and three for the control without
inoculation. Three seeds were arranged per pot, and only one individual was kept two days after sowing. Then,
an aliquot of 1 mL was applied to the radicle region of the plant, and the pots were weekly supplied with
Norris’s nutrient solution, free of nitrogen (Guzman & Dobereiner 1968).

After 30 days of inoculation, the plants were harvested and evaluated for nodulation, and the nodular
rhizobia density estimates were made by the MPN package in R 4.0.5 software at a 95% confidence level
(Ferguson & Ihrie 2019).

2.3.2 Determination of density and identification of AME spores

The extraction of arbuscular mycorrhizal fungi spores was performed from a sample containing 50 cm?® of
the forest topsoil using the wet sieving (Gerdermann & Nicolson 1963) and density gradient centrifugation
techniques (Jenkins 1964). Subsequently, the recovered spores were placed in a Petri dish and counted under a
stereoscopic microscope. Different morphotypes were separated according to their color, size, and shape .and
were arranged on a slide with polyvinyl alcohol-lactic glycerol (PVLG) under a cover slip. On the same slide,
another group of AMF spores was fixed with PVLG supplemented with Melzer's reagent (1:1), and gently
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broken under the cover slip to highlight the inner walls of the spores (when present) to aid in species
identification.

Species identification was performed under an optical microscope with bright-field illumination and an
immersion objective, using the Identification Manual of AMF developed by Schenck and Perez (1988) and the
descriptions of the species available on the International Culture Collection of Arbuscular Mycorrhizal Fungi

website (http://invam.caf.wvu.edu/).

2.4 Experimental design and conduction

To assess the impact of topsoil on the growth of native tree species of the Brazilian Atlantic Forest biome,
14 greenhouse experiments were conducted at Embrapa Agrobiologia in Seropédica, Rio de Janeiro state. Each
experiment involved one of 14 tree species commonly used in Atlantic Forest reforestation efforts (Table 2),

selected based on seed availability at the time of the study.

Table 2. Names and botanical families of tree species from the Atlantic Forest selected for the greenhouse study conducted in Seropédica, RJ

Species Popular name Family
Anadenanthera peregrina (L.) Speg. Angico-vermelho? Leguminosae
Apuleia leiocarpa (Vogel) J.F.Macbr. Garapa Leguminosae
Ceiba speciosa (A.St.-Hil.) Ravenna Paineira-rosa Malvaceae
Cenostigma pluviosum (DC.) Gagnon & G.P.Lewis Sibipiruna Leguminosae
Dalbergia nigra (Vell.) Allemao ex Benth. Jacaranda-da-bahia® Leguminosae
Guazuma ulmifolia Lam. Mutambo Malvaceae
Handroanthus serratifolius (Vahl) S.Grose Ipé-amarelo Bignoniaceae
Mimosa bimucronata (DC.) Kuntze Maricd?® Leguminosae
Plathymenia reticulata Benth. Vinhatico? Leguminosae
Pseudobombax grandiflorum (Cav.) A.Robyns Embirucu Malvaceae
Psidium cattleyanum Sabine Araca Myrtaceae
Schinus terebinthifolius Raddi Aroeira-pimenteira Anacardiaceae
Senna macranthera (DC. ex Collad.) H.S.Irwin & Barneby Fedegoso Leguminosae
Senna multijuga (Rich.) H.S.Irwin & Barneby Aleluia Leguminosae

aSpecies that perform symbiotic association with noduliferous nitrogen-fixing bacteria. Source: elaborated by the authors.

Seeds of S. multijuga, P. reticulata, S. macranthera, A. leiocarpa, G. ulmifolia, D. nigra, and P. grandiflorum were
sown in March 2021, while H. serratifolins and P. cattleyanum were sown in April, S. terebinthifolins in May, M.
bimucronatha in June, and A. peregrina, C. speciosa, and C. pluviosum in August of the same year. This occurred due
to the availability of seeds from these species throughout the year.

Each experiment was designed with a completely randomized layout with two treatments: (1) application
of forest topsoil and (2) a control treatment, where the same topsoil was applied after undergoing sterilization.
The treatments had eight replicates, totaling 16 experimental units per experiment. The topsoil used in the
control treatment was autoclaved at 121 °C for 60 minutes, with the procedure repeated after two days.

To break seed dormancy, particular treatments were implemented for seven of the 14 species (Table 3).
After the immersion period, the seeds were washed in running water. In a biological safety cabinet, the seeds
wete disinfected by immersion in 70% (v/v) ethanol for 1 minute and then in 2% (v/v) NaClO for 15 minutes,
and then washed ten times with autoclaved distilled water. The seeds were then placed in sterile Petri dishes

containing a layer of cotton soaked in autoclaved distilled water and lined with filter paper. The dishes were
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then incubated in a B.O.D. germination chamber at 30 °C with a 12-hour photoperiod until radicle emergence

occurred.

Table 3 Methods for overcoming seed dormancy of tree species from the Atlantic Forest used in experiments to evaluate the effect of topsoil addition

Species Overcoming dormancy by immersion Reference
S. multijuga H2S04 98%/10 min Piveta et al. 2010
P. reticulata H2S04 98%/10 min Silva et al. 2013
S. macranthera H2S04 98%/15 min Cipriani et al. 2007
A. leiocarpa H2S04 98%)/5 min Castro et al. 2019
G. ulmifolia H2S04 98%/8 min Paiva Sobrinho et al. 2012
M. bimucronata H2S04 98%/10 min Kestring et al. 2009
C. speciosa H20 25°C/24h Carvalho and Nakagawa 2000

Source: elaborated by the authors.

The experimental units consisted of pots with a capacity of 1,700 cm?, filled with a substrate composed of

sand and vermiculite in a 1:1 (v/v) ratio that was autoclaved ptior to use. An opening of 5 cm in depth was

made in the substrate, where 80 g of topsoil and three pre-germinated seeds of the target forest species were

sown in each pot (Figure 1). After sowing, the pots were irrigated with filtered water and subsequently irrigated

weekly. Thinning was conducted at 30 days, leaving only one seedling per experimental unit.

Figure 1. View of the experimental units containing in natura or sterilized forest topsoil, arranged in a greenhouse. Source: elaborated by the authors.
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After cotyledon fall, each experimental unit received 100 mL of Norris modified nutrient solution at half
the salt concentration (Guzman & Dobereiner 1968) every two weeks. Except for .A. peregrina, D. nigra, M.
bimucronata, and P. reticulata (legumes that associate with nitrogen-fixing bacteria), the species received mineral
nitrogen through the application of ammonium nitrate (NH4NO3) solution in increasing doses (5mg N to 30mg
N per plant). This procedure was used because nitrate in the soil limits root infection, nodule development,

and nitrogenase activity, the enzyme responsible for biological nitrogen fixation (Dwivedi et al. 2015).

2.5 Assessments

The shoot growth of each plant was measured monthly, starting in September 2021. The height of each
individual was measured using a graduated tape, while the stem diameter was measured using a digital caliper.
The duration of the 14 experiments ranged from three to six months after the start of assessments, depending
on the growth rate exhibited by each species.

Upon completion of the growth phase, the shoot and root parts of the plants were collected separately.
The roots were washed in running water under a sieve to remove remaining soil particles. Then, nodules of
nodulating legume species were collected. All materials were placed in identified paper bags and dried in an
oven at 65°C for 72 hours. The dry mass of the shoot part (SDM), root (RDM), and nodules (NDM) were
determined separately using an analytical balance. For the SDM variable, eight repetitions per treatment were
used; while for RDM and NDM, only five repetitions were employed, the rest were reserved for additional
analysis not covered in the scope of this study. Thus, the SDM/RDM ratio was calculated with five replications,
using the shoot part corresponding to the root of the same experimental unit.

For the determination of the nutrient concentrations of the dry mass of shoots, the material was ground
in a benchtop stainless steel mill, and N, P, K, Ca, and Mg were analyzed. N was determined by mass
spectrometry, P by the colotimetric method, K* by flame photometry, and Ca** and Mg** by atomic absorption.
Chemical analyses were performed according to the methodologies described by Nogueira and Souza 2005.

To determine the mycorrhizal colonization, 0.5 g samples of fresh fine roots from three experimental units
per treatment were washed, cleared with 2.5% KOH (Koske & Gemma 1989), and stained with 0.05% methyl
blue (Grace & Stribley 1991). Root colonization percentage by AMF was assessed using the intersection method
on a quadrat grid (Giovannetti & Mosse 1980) with the aid of a stereoscopic microscope. Based on the
percentage obtained, mycorrhizal colonization was qualitatively evaluated using the methodology of Carneiro
et al. (1998) and categorized as high (>50%), medium (>20% and <50%), low (<20%), or absent (0%).

2.6 Data Analysis

The statistical assumptions of normality of residuals and homogeneity of variances were verified by
performing the Shapiro-Wilk and Bartlett tests, respectively, both at a 5% probability level. Once the
assumptions were met, the variance analysis was carried out using the F test at a 5% probability level. The
analyses were performed using the "easyanova" package in the R software (Arnhold 2021). However, as the
variables of nodules dry mass and mycorrhizal colonization did not meet the statistical assumptions, they were
analyzed using the Kruskal-Wallis test, also at a 5% probability level.

Statistical analysis of nutrient concentrations within the dry mass of shoots could not be carried out due
to limited sample replicates. This limitation arose from the insufficient sample mass available for individual

analyses, necessitating the pooling of samples to assess the plant tissue composition.
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3 Results
The topsoil showed a density of 93 (CI = 23-388) and 3.57 (CI = 0.5-206) rhizobia cells per gram of soil

when M. pudica and P. vulgaris legumes were used as bait plants, respectively.

A total of 400 AMF spores were recovered from 50 cm? of topsoil. The following species of arbuscular
mycorrhizal fungi were present in the sample: Acaulospora foveata Trappe & Janos; Acaulospora mellea Spain &
Schenck; Acaulospora rebmii Sieverding & Toro; Acaulospora scrobiculata Trappe; Acaulospora tuberculata Janos &
Trappe; Glomus clavispornm (Trappe) Almeida & Schenck; Glomus macrocarpum Tul. & C. Tul; and Racocetra
verrncosa (Koske & C. Walker) Oehl, FA Souza & Sieverd.

The addition of natural forest topsoil significantly increased the mean height growth of all 14 tree species
evaluated, in comparison to the control treatment. This effect was observed from the first assessment,
conducted one month after sowing, and persisted throughout the following months (Figure 2). However, two
species, A. peregrina and C. speciosa, exhibited a deviation from this pattern. In these cases, plants treated with
topsoil did not show significant differences from the control groups in the last month and from the fourth
month after planting, respectively. Similarly, the mean values of stem diameter of the studied species were
positively affected when applied the topsoil 7z natura during the study period. However, in the first month of
evaluation, C. pluviosum did not show a significant difference between treatments, while 4. peregrina did not
show differences in the last two months of evaluation, that is, January and February 2022.

The species P. reticulata, D. nigra and M. bimucronata, known to associate with nitrogen-fixing bacteria,
showed the highest monthly gains in height and stem diameter with the use of topsoil, compared to the control
treatment. Although A. peregrina also has the ability to associate with rhizobia, which could result in greater
growth gains, significant increases in height and stem diameter were not observed over the evaluated period,

except in the first months.
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Anadenanthera peregrina
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Figure 2. Average height (cm) and stem diameter (mm) growth curves of S. multijuga, P. reticulata, S. macranthera, A. leiocarpa, G. ulmifolia, D. nigra, P.
grandiflorum, H. serratifolius, P. cattleyanum, S. terebinthifolius, M. bimucronata, A. peregrina, C. speciosa, and C. pluviosum in response to the addition of
in natura or sterilized forest topsoil (control) under greenhouse cultivation conditions. Where: * (p<0.001), ** (p<0.01), * (p<0.05), * (p<0.1), and absence of

a graphical symbol indicates that there is no significant difference between treatments by F-test. Source: elaborated by the authors.

The positive effect of topsoil was also observed in the biomass production (Table 4). At the end of the
study, plants that received topsoil 7 natura mostly showed superior performance in terms of shoot, root, and
nodule development, demonstrating statistically significant differences when compared to the control treatment.
There were only two exceptions, as no significant differences were discerned between treatments in the shoot
dry mass of P. grandiflorum and the root dry mass of G. ulmifolia.

In the presence of topsoil in natura, the greatest gains in shoot biomass were found in the nodulating
species P. reticulata and M. bimucronata, while the greatest gains in root biomass were found in species P. reticulata
and H. serratifolins.

The addition of forest topsoil had varying effects on the shoot dry mass to root dry mass ratio (SDM/RDM)
of the tree species under study. Among the tested species, .A. lzocarpa, D. nigra, and H. serratifolins displayed a
significantly lower SDM/RDM ratio in plants treated with topsoil i natura. In contrast, P. grandiflorum, M.
bimucronata, and C. pluviosum exhibited an opposite pattern, with a higher SDM/RDM ratio in the presence of
the sterilized topsoil (Table 4).

Plants grown in pots with sterilized topsoil presented no mycorrhizal colonization. However, when using
topsoll iz natura, all tree species showed mycorrhizal colonization, although in low levels, ranging from 1% to
20%, except C. pluviosum, where AMF colonization was classified as medium, according to the methodology

proposed by Carneiro et al. (1998).
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Table 4 Shoot dry mass (SDM), root dry mass (RDM), SDM/RDM ratio, nodule dry mass (NDM), and percentage of mycorrhizal colonization (MC) of the

evaluated tree species in response to the addition of forest topsoil (in natura) or sterilized topsoil (control) in greenhouse experiments

Tree species Treatment SDM (g) RDM (g) SDM/RDM NDM (g) MC (%)
topsoil 1.59* 1.32* 1.14ns - 2.44%
S. multijuga
control 1.14 0.99 1.08 - 0
topsoil 9.58* 5.84* 1.75ns 0.31* 2.23*
P. reticulata
control 0.24 0.16 1.44 0 0
topsoil 3.91* 3.30* 1.32ns - 2%
S. macranthera
control 2.94 2.34 1.42 - 0
topsoil 4.69*% 5.13* 0.9 - 14.45*
A. leiocarpa
control 2.35 1.84 1.21* - 0
topsaoill 4.54* 5.32ns 0,91ns - 18.23*
G. ulmifolia
control 3.73 4.63 0,81 - 0
] topsoil 2.25*% 2.23* 1.23 0.16* 9.56*
D. nigra
control 0.21 0.06 3.30* 0 0
] topsoil 5.65011) 12.36* 0.45(0.06) - 12.78*
P. grandiflorum
control 5.05 8.69 0.59 - 0
topsoil 2.72*% 7.19* 0.35 - 4.43*
H. serratifolius
control 1.99 2.79 0.74* - 0
topsoil 7.90* 5.35*% 1.59 - 8.97*
P. cattleyanum
control 6.04 3.07 1.98(0:10) - 0
topsoil 9.83* 6.91* 1.47 - 8.98*
S. terebinthifolius
control 6.97 4.28 1.55"m - 0
topsoil 6.54* 2.54* 3.06* 0.36* 1.00*
M. bimucronata
control 0.36 0.23 1.57 0 0
) topsaoill 0.33* 1.81* 0.18"s 0.06* 1.65*
A. peregrina
control 0.22 1.14 0.15 0 0
) topsoil 7.23* 9.52* 0.55 - 2.74*
C. speciosa
control 4,91 7.42 0.68" - 0
) topsaoill 6.97* 6.59* 1.09* - 40.50*
C. pluviosum
control 4.71 5.35 0.81 - 0

Mean followed by an asterisk indicates that the treatments differed from each other by the F test (p<0.05) in the SDM and RDM variables for the given
species. For the NDM and MC variables, the mean followed by an asterisk indicates that the treatments differed according to the Kruskal-Walllis test
(p<0.05). P values between 0.05 and 0.11 are displayed within parentheses.

ns: no statistically significant differences between the treatments.

- unexpected nodulation.

Source: elaborated by the authors.

The nutrient concentrations in the shoot dry mass varied from species to species, but as a general trend,
the highest macronutrient concentrations were obtained when topsoil in natura was incorporated into the
substrate (Table 5). Among nodulating tree species that received topsoil, and consequently formed root nodules,
there was an overall increase in nitrogen concentration in the dry mass, with the exception of P. reticulata.
Likewise, plants that received the topsoil and were colonized by arbuscular mycorrhizal fungi tended to exhibit

higher phosphorus concentration in their biomass.
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Table 5 Nutrient concentration in the shoot dry mass of 14 forest tree species in response to the addition of in natura or sterilized forest topsail (control) in

planting pots in a greenhouse

Tree species Treatment N (%) Ca (g/ka) K (g/kg) Mg (g9/kg) P (g/kg)
Topsoil 2.47 13.54 15.55 2.32 4.50
S. multijuga
Control 2.04 17.05 11.15 2.16 3.66
Topsoil 1.43 11.96 16.39 2.76 9.52
P. reticulata
Control 1.55 7.89 6.53 2.13 1.39
Topsoil 0.93 15.67 12.27 1.80 3.30
S. macranthera
Control 0.85 11.08 10.05 1.70 2.94
) Topsoil 0.84 9.41 11.24 1.95 2.56
A. leiocarpa
Control 111 7.77 9.83 1.57 2.00
Topsoil 2.54 8.02 21.96 2.65 2.25
G. ulmifolia
Control 0.76 9.92 25.14 2.88 1.91
] Topsoil 1.70 15.69 16.00 7.32 8.63
D. nigra
Control 1.53 6.98 15.49 3.71 3.21
] Topsoil 0.66 9.98 20.39 4.19 1.55
P. grandiflorum
Control 0.64 10.72 17.57 4.29 1.26
Topsoil 1.23 10.42 16.11 3.47 1.71
H. serratifolius
Control 1.07 10.48 15.91 3.41 1.50
Topsoil 0.51 8.41 11.46 2.45 1.17
P. cattleyanum
Control 0.51 10.18 11.08 2.75 1.15
Topsoil 0.50 5.26 18.23 0.98 1.19
S. terebinthifolius
Control 0.49 4.77 15.57 0.89 1.17
] Topsoil 2.39 21.82 12.61 3.05 2.74
M. bimucronata
Control 1.93 10.82 10.73 2.17 1.21
Topsoil 1.13 17.28 12.90 2.47 8.72
A. peregrina
Control 0.55 17.62 14.11 2.65 8.51
) Topsoil 0.66 12.14 23.59 3.83 1.53
C. speciosa
Control 0.62 11.18 23.52 3.60 1.12
Topsoil 0.61 11.34 9.67 0.72 1.91
C. pluviosum
Control 0.79 8.88 8.00 0.56 1.30

Source: elaborated by the authors.

4. Discussion

The plant microbiome is critical to plant health, but it is rarely considered in ecological restoration. The
focus on reintroducing plants without restoring the associated microbiomes may be limiting restoration success
(Koziol et al. 2018, 2022), because the symbiotic relationships and processes facilitated by microbiomes play a
crucial role in transforming plantings into thriving forests (Busby et al. 2022).

The present study supports the hypothesis that a small volume of forest topsoil applied to the substrate of

seedlings destined for reforestation can provide a microbiota that boosts plant growth. In general, plant species
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showed better performance in all attributes analyzed when the topsoil iz natura was added to the pots.
Remarkably, among the species, the highest monthly averages in height and stem diameter were achieved by
three leguminous species (P. reficulata, D. nigra, M. bimucronata) which form symbiotic associations with both
arbuscular mycorrhizal fungi and nitrogen-fixing bacteria, a unique tripartite association. These legumes can be
indicated as facilitators of the succession process, as they provide conditions for the establishment of more
demanding species, such as rapid growth, increased shading and the supply of nutrients to the soil due to the
high production of litter (Martins et al. 2018, Lima et al. 2021).

Several other studies show how the synergistic effect of tripartite association can maximize nutrient
acquisition, thus favoring the development and growth of tree legumes (Gross et al. 2004; Borges et al. 2016;
Oliveira Janior et al. 2017; Bournaud et al. 2018; Silva 2018; Afkhami et al. 2020; Freire et al. 2020; Silva 2022).
For example, Gross et al. (2004) found significantly higher nodulation in 4. peregrina plants when inoculated
with both NFB and AMF, compared to the treatment containing only NFB. Therefore, the concomitant
inoculation of both microsymbionts led to a 60% increase in plant biomass at 10 months, compared to the
control. Inoculation with only NFB or AMF did not provide any difference in plant biomass production. In
this tripartite association, in addition to mycorrhizae providing plants with greater phosphorus uptake, they also
allow for greater dispersal of rhizobia through their hyphae, allowing for contact with the rhizosphere and
subsequently promoting nodulation (Novais et al. 2020; Zhang et al. 2020). AMF can also increase nodule
abundance and mass, and in return, rhizobia can promote mycorrhizal colonization. Indirect effects occur when
microorganisms that provide complementary rewards to host plants cause an increase in plant performance,
resulting in an increase in quality/quantity of resources available for the supply of one or more microorganisms
(Afkhami et al. 2020).

The amount of spores present in the inoculum added to the substrate (around 640 spores) was probably
not a limiting factor that would result in low mycorrhizal colonization, since in the studies mentioned at least
100 to 150 spores are commonly added. In this study, mycorrhizal colonization levels were relatively low in
plants that received the fresh topsoil. A possible explanation is the amount of phosphorus present in the
nutrient solution (3.2 mg of P per plant every two weeks). In general, plants show less responsiveness to
mycorrhization in soils with high levels of P (Pedone-Bonfim et al. 2018), as showed by Freire et al. (2020) in
the mycorrhizal colonization of the forest tree species Tachigali vulgaris 1.F. Gomes da Silva & H.C. Lima when
using the same nutrient solution as in the current research, both under greenhouse conditions. In another study,
Silva et al. (2016) showed a decrease in mycorrhizal colonization in Cecropia pachystachya Trécul with increasing
P levels in the soil, but without affecting the height, stem diameter, biomass, and phosphorus levels in the
aboveground parts of the plants. On the contrary, the maintenance of a high root colonization rate at high P
doses is indicative of high mycorrhizal dependence of the tree species (Santos et al. 2010).

Despite the low levels of mycorrhizal colonization, all tree species that received topsoil consistently
exhibited higher phosphorus levels in their shoot mass. This observation suggests a potential influence of strong
mycorrhizal efficiency combined with an overall increase in root mass across all tree species. The elevated
phosphate nutrition levels may have also caused a positive impact on nodulation and nitrogen fixation in the
legume species like P. reticulata, D. nigra, and M. bimucronata. The increased phosphorous supply resulting from
topsoil application could also potentially benefit rhizobia associated to these species, as they require a significant
amount of ATP for the biological nitrogen fixation process. This phosphorous supply to the plant not only
facilitates its growth but also enhances the availability of photosynthates, thereby potentially amplifying
biological nitrogen fixation (Nasto et al. 2014).
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Several studies have shown that the use of native soil as a source of microorganisms is a powerful tool to
accelerate ecological restoration. In degraded grassland areas, reintroduction of soil microbiome from preserved
native grasslands has improved survival and productivity of reintroduced native grasses (Wubs et al. 2016;
Koziol et al. 2022). In a study developed by Machado et al. (2004), they found that native rhizobia present in
unsterilized substrate in pots showed good efficacy in the growth of Calliandra macrocalyx Harms compared to
selected strains.

In a greenhouse study conducted by Silva (2018), it was found that applying 10 grams of native Caatinga
biome topsoil to pots containing pre-germinated seeds of Mimosa caesalpiniifolia Benth. resulted in similar growth
gains in this tree legume compared to the use of laboratory-produced inoculants containing nitrogen-fixing
bacteria (NFB) and arbuscular mycorrhizal fungi (AMF) specifically recommended for this plant species. The
author suggests that the high efficiency of topsoil inoculants may result from the adaptation of native NIFB and
AMTF to the conditions of the biome and compatibility with the host plant species.

In another recent greenhouse study conducted by McMahen et al. (2022), additions of forest topsoil,
corresponding to 5% (38 mL) and 25% (188 mL) of 750 mL pots containing copper and gold mining rejects
or mine sterile soil, increased the survival and growth of seedlings of temperate tree species Salix scounleriana
(willow), A/nus viridis (alder), and Picea engelmannii (fir). The greatest ectomycorrhizal fungal colonization was
obtained with the highest proportion of forest soil. However, the growth of 4. viridis was minimally affected
by the addition of topsoil, possibly due to the limited presence of necessary nitrogen fixing bacteria and the
incompatibility with the fungi present in the inoculum. This highlights the critical importance of selecting a
donor soil that not only contains the target plants but also other plant species that form associations with
compatible microorganisms. Furthermore, the study yielded distinct results in sterilized topsoil among plant
species. It was evident that plants with greater dependence on symbiotic microorganisms, such as P. engelmannii
and A. viridis, benefited from the biological component of the topsoil. In contrast, . scouleriana, a species with
lower mycorrhizal dependence, appeared to primarily benefit from the physical and chemical attributes of the
forest topsoil.

Interestingly, one study has failed to demonstrate a positive impact of topsoil on the growth of native tree
species. According to Silva (2022), the addition of 5 g of topsoil collected from remnants of native vegetation
of Caatinga vegetation did not lead to growth enhancement in leguminous trees like Anadenanthera colubrina
(Vell.) Brenan, Eunterolobium contortisiliguum (Vell.) Morong, Mimosa caesalpiniifolia Benth., Piptadenia retusa
P.G.Ribeiro, Seigler & Ebinger and Mimosa ophthalmocentra Mart. ex Benth. However, the author proposed that
the lack of response to the topsoil might be attributed to several factors, including the low density of rhizobia
in the topsoil, the small quantity of topsoil utilized, and the presence of competitive rhizobia with limited
symbiotic efficiency. However, in the same study, the author demonstrated that inoculants produced with
autochthonous rhizobial strains isolated from the same topsoil proved to be efficient in nodulating and
promoting the growth of the evaluated tree species.

New studies may elucidate whether topsoil has similar efficiency to inoculants of selected strains of
nitrogen-fixing bacteria and arbuscular mycorrhizal fungi. If this approach proves successful in these conditions,
it could serve as a simple and cost-effective alternative recommended for the production of high-quality
seedlings in nurseries located near planting sites, thereby increasing the chances of success in establishing and
growing seedlings in reforestation projects.

Further, field research is essential to investigate the impact of topsoil microbiota on plant growth when
applied directly to planting holes. Different application methods should be explored, including placement at

the base of the planting hole, around the seedlings, or on the soil surface, among others. Currently, field
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experiments using topsoil as inoculum are underway in Wales, UK, and the Yucatan Peninsula, México, aiming
to assess whether the planting of native seedlings alongside the introduction of soil microbiota from nearby
undisturbed forests can enhance the growth and survival of tree species (Busby et al. 2022).

A single gram of soil can house thousands of individual microbial taxa, including bacteria, fungi, archaea,
protists and viruses (Fierer 2017). When these microorganisms interact with the host plant, they are able to
exert beneficial, neutral, or detrimental effects on plant growth and development (Lobo et al. 2019). The
successful restoration of forests, with their intricated web of organisms, processes and interactions,
fundamentally depends on the comprehensive restoration of the entire forest microbiome, including even the
presence of pathogens (Busby et al. 2022).

A final crucial highlight is that neither this study nor any of the other studies mentioned here, focusing on
the use of topsoil as a source of microorganisms, directly assessed the presence and impact of pathogenic
microorganisms. Furthermore, while our study conclusively established the significant influence of NIFB and
AMF on the growth rate of the assessed tree species, it is essential to acknowledge that the potential

contribution of other plant growth-promoting microorganisms should not be overlooked.

5. Conclusion

In the present study, the dose of 80 g of forest topsoil proved to be effective in promoting the growth of
the 14 tree species found in the Brazilian Atlantic Forest biome under greenhouse conditions. The observed
growth stimulation can be attributed to the presence of arbuscular mycorrhizal fungi spores and nodulating
nitrogen-fixing bacteria, which established beneficial associations with the trees. This highlights the significant
potential of topsoil as a valuable biotechnological tool, whether for seedling production or direct application as

a natural inoculant for plants used in restoration projects targeting degraded areas.
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