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ABSTRACT: Coffee seedlings are commonly produced on substrate composed of a mixture of soil and cattle manure, supplemented
with chemical fertilizers. Alternatives to reduce production costs and produce seedlings of greater quality and health include the use of
commercial organic substrates, which require less handling. The use of beneficial microorganisms such as arbuscular mycorrhizal fungi
(AMF) can be considered a good alternative for production of more vigorous coffee seedlings. The main goal of this study was to evaluate
the effect of the inoculation of AMF isolates on coffee seedlings development in a commercial organic substrate (based on coconut fiber)
and conventional substrate (mixture composed of soil and cattle manure compost). Ten AMF were tested: Rhizophagus irregularis, Glomus
macrocarpum, Claroideoglomus etunicatum, Rhizophagus clarus, Glomus spp., Gigaspora margarita, Acaulospora morrowiae, Acaulospora
scrobiculata, Acaulospora spp., and Dentiscutata heterogamma. Plant growth, shoot P content, mycorrhizal colonization, extraradical
mycelium length, phosphatase activity, and photosynthetic pigments were evaluated. The effects of mycorrhization depended on both
the inoculated fungal species and the substrate for seedling cultivation. Inoculation of G. margarita, Acaulospora spp., and Glomus spp.
in the conventional substrate conferred the best growth plant responses, increasing shoot biomass by 160 to 320%. In the commercial
substrate, the most efficient AMF were R. clarus, Glomus spp, A. morrowiae and A. scrobiculata, with up to 149% of shoot biomass increase.
The commercial organic substrate and the inoculation of some of the AMF isolates were highly beneficial to coffee seedlings development
and can replace the use of the conventional substrate. These results open new opportunities for the use of AMF as an inoculant to improve
coffee seedling production in commercial organic substrates.
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INTRODUCTION

Coffee is one of the most traded commodities in the world and an important source of income for many developing
countries in Asia, Africa, and Latin America (Andrade et al. 2009), and Brazil is the largest producer and exporter of coftee
in the world (Conab 2021). The formation of coffee trees for agricultural purposes implies the use of high-quality seedlings,
with good vegetative growth and vigor. The production of coffee seedlings is an important step for the development and
longevity of the crop, and the seedlings are produced in commercial nurseries with substrates (Vallone et al. 2010).

The common substrate used for coffee seedling production is composed of soil and bovine manure compost (70/30, v/v)
with chemical fertilizers that allows for adequate seedling growth. However, over the past few years, many coffee producers
have adopted the use of commercial substrates (without soil and cattle manure), in an attempt to increase seedlings quality.
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Nowadays, there is a perspective that the use of commercial organic substrates will be mandatory for the production of
coffee seedlings. The main advantage of using commercial substrates is the increase of seedlings sanitation since they are less
likely to be infected by soil-borne phytopathogens and nematodes (Andrade et al. 2009). The commercial substrate based on
coconut fiber is a substrate of increasing economic importance, as Brazil is a major producer of green coconut; the use of this
fiber is a promising alternative for more sustainable crop management due to its high-water retention capacity and nutrient
availability (Brigida et al. 2009). The coffee market plays an essential role in Brazilian agribusiness (Carvalho et al. 2017).

Several biological products, the so-called biostimulants or biofertilizers, are composed of substances or microorganisms
that improve overall plant performance and productivity (Diaz et al. 2016, Valverde-Lucio et al. 2020). The use of inoculants
with plant growth-promoting microorganisms is an available alternative for nursery production of commercial species
such as coffee, because currently used substrates commonly lack an efficient community of beneficial microbes (Vallejos-
Torres et al. 2021). The use of microbial biofertilizers is an environmentally friendly alternative to the continued input
of mineral fertilizers. Microbes with potential to be used as biofertilizers can promote coffee growth by improving plant
mineral nutrition and phytohormones production or by inhibiting plant pathogens and pests (Vallejos-Torres et al. 2021).
Plant growth-promoting bacteria and arbuscular mycorrhizal fungi (AMF) are the most promising microorganisms for
sustainable agriculture (Cipriano et al. 2021, Rossetto et al. 2021). AMF can enhance the uptake of relatively immobile
nutrients, particularly phosphorus (P), but also nitrogen (N) and other nutrients, from the soil to the host plant via the
extraradical mycelium (ERM) (Bennett and Groten 2022). Besides plant nutrition, other benefits triggered by AMF are
better soil aggregation, biogeochemical cycles optimization and increased plant tolerance to biotic and abiotic stresses
(Giovannini et al. 2020).

Different systems such as forestry, conventional and agroecological coffee cultivation have shown a wide diversity of
AMF in Brazilian soils, such as Acaulospora sp., Acaulospora morrowiae, Acaulospora scrobiculata, Glomus spp., Glomus
macrocarpum, Acaulospora spp., Rhizophagus fasciculatus, Gigaspora sp., among others (Prates Junior et al. 2019). This AMF
diversity opens a range of opportunities to explore the potential of these microorganisms as bioinoculants for seedlings coffee
production. In this context, the AMF Rhizophagus clarus showed promising potential as inoculant in coffee genotypes, such
as Catuai IAC 144, H 29-1-8-5 and Catigua MG2, due to improvement in biomass production and better plant P nutrition
(Fonseca et al. 2019). R. clarus and Claroideoglomus etunicatum also provided a greater benefit to coffee plants growth when
cultivated in a soil with low phosphate fertilization (Moreira et al. 2019).

The arbuscular mycorrhizal (AM) symbiosis is important for the production of coffee seedlings, as this plant is highly
dependent on mycorrhizal colonization, especially in low fertility soils (Lopes et al. 1983, Colozzi-Filho et al. 1994). Low
P availability in soils can promote greater mycorrhizal beneficial effects for coffee plants (Saggin-Junior et al. 1994), but
the P concentration in the soil solution should be kept at an intermediate level to guarantee an adequate coffee seedling
growth (Gonzalez-Osoério et al. 2022). The supply of commercial substrates to produce coffee seedlings is increasing in the
market, but substrates are usually poor in nutrients, and additional fertilization is required, which increases production
costs. Some substrates do not provide all the nutrients for proper plant development, which can influence seedling quality
(Andrade et al. 2021).

In this respect, the use of efficient AMF inoculum with organic commercial substrates is an alternative to improve the
efficient use of fertilizers and decrease the amount needed to ensure the proper development of coffee seedlings (Tristdo et
al. 2006). The promotion of coffee plant growth by AMF inoculation has been mainly attributed to the nutritional effects of
this symbiosis, especially in relation to P (Siqueira and Saggin-Junior 2001, Souza et al. 2017). However, studies evaluating
the effects of AMF inoculation on plants grown with commercial substrates are scant, especially in Brazil, where this
technological innovation is more recent. Moreover, although mycorrhizal fungi are found naturally in coffee plantations
(Posada et al. 2018), the use of efficient mycorrhizal inoculum in nurseries could be a promising technology to produce
healthy and vigorous coffee seedlings, increasing survival after transplanting to the field.

Overall, there is little evidence on the influence of AMF inoculation on coffee seedling performance under the recent
guidelines recommended to producers that promote the use of organic soil-free substrates. This study aimed to evaluate
different AMF isolates effects on growth and P nutrition of coffee seedlings in a coconut-fiber based commercial organic
substrate, as an eco-friendlier alternative to improve coffee seedlings production.
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MATERIAL AND METHODS
Arbuscular mycorrhizal fungi

The ten strains of AMF tested were:

« IAC-FM43 (Rhizophagus irregular);

« IAC-FM50 (Glomus macrocarpum);

« IAC-FM44 (Claroideoglomus etunicatum);

« IAC-FM16 (Rhizophagus clarus);

« IAC-FM28 (Glomus spp.);

« IAC-FM1 (Gigaspora margarita);

« IAC-FM14 (Acaulospora morrowiae);

o IAC-FM10 (Acaulospora scrobiculata);

o IAC-FM13 (Acaulospora spp.);

o IAC-FM2 (Dentiscutata heterogamma)).

They belong to the collection of Beneficial Microorganisms, Instituto Agronémico (IAC), Campinas, SP, Brazil.

Root fragments of Brachiaria decumbens plants colonized by each AMF and sand-soil mixture with AMF propagules were
used as inoculum, resulting in approximately 500 spores per pot. A non-mycorrhizal inoculation treatment was maintained
as control. To standardize microbiota associated with AMF inoculum, the non-mycorrhizal inoculation treatment received
washings of the soil-inoculum mixture filtered through Whatman no. 42 filter paper.

Greenhouse experiment: coffee seedlings

The experiment was conducted under greenhouse conditions. The temperature ranged from 15 to 30°C, and relative
humidity from 50 to 80%, measured using a digital thermo-hygrometer placed inside the greenhouse, in the Central
Experimental Center, IAC, in Campinas. The experiment was performed as a 2 x 11 factorial, consisting of two substrates
and the inoculation or not of 10 AMF species, in a completely randomized design, with five replications, totaling 110
experimental plots, with each plot composed by one plant. Two substrates were tested: a mixture composed of 70% soil
(Oxisol) and 30% cattle manure compost, named “conventional” substrate; and an organic commercial substrate based
exclusively on coconut fiber, named “commercial”

The fertility analysis of the conventional substrate showed pH in CaCl, - 5.6; P - 405, and K - 1,142 mg-dm ™ Ca -
5.8,and Mg - 3.1 mmol -dm™; B - 0.5, Cu - 6.4, and Fe - 58 mg-dm™; organic matter — 48 g-dm, and the commercial
organic substrate showed pH in water - 4.5; P - 84, and K - 459 mg-dm™; Ca - 0.3, and Mg - 0.1 mmol -dm~; B -
0.9, Cu - 0.1, and Fe - 0.7 mg-dm™; organic carbon - 388 g-kg™'; and C/N - 55, performed according to Sonneveld et
al. (1974).

The conventional substrate used an unsterilized soil sample, with propagules of unknown native AMF species, and this
approach was performed in order to reproduce the on-farm conditions carried out by Brazilian coffee seedlings producers.
Seeds of Coffea arabica var. Catuai amarelo IAC-62 were germinated in vermiculite and grown until the seedlings developed
cotyledonary leaves, and then were transplanted to 3-L pots with the respective substrate. Irrigation was based on the water
retention capacity, which was maintained at 60%, previously determined for each substrate. During the experiment, 150
mg of N were added per pot as fertigation once a week. At 175 days after transplanting, photosynthetic pigment contents
and phosphatase activity in leaves were determined.

For the determination of photosynthetic pigments, 50 mg of foliar tissue from the second and third pairs from the
orthotropic branch were collected. Chlorophyll (Chl) a and b and carotenoids were extracted with 100% dimethyl sulfoxide
and measured spectrophotometrically (Hitachi U-2000) directly in the extracts (Hiscox and Israelstam 1979); the results
were expressed in pg-mL* of extract. Acid phosphatase (APase) (EC3.1.3.2) activity in leaves was determined “in vivo”
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(Besford 1979). A foliar sample of 0.1 g of fresh tissue was taken from the second and third pairs from the orthotropic
branch and incubated with p-nitrophenyl phosphate in 0.1 mol'L"? sodium acetate buffer (pH 4) for 20 min at 30°C. The
p-nitrophenol (p-NP) formed was measured spectrophotometrically at 410 nm. The activity of APase was expressed in
ug p-NP gh! of fresh weight (FW).

Before harvest, 200 days after transplantation, the following growth parameters were evaluated: plant height, stem
diameter, and leaf number. Shoot and root were harvested and separated, washed, and dried at 65°C. Shoot was weighed and
ground for determination of phosphorus concentration by inductively plasma optical emission spectrophotometry (ICP-
OES) (JobinYvon, JY50P Longjumeau, France), after nitric-perchloric acid digestion. The symbiotic efficiency of different
AMEF species was determined through the difference in biomass production, in percentage, between the AMF inoculated
and the non-inoculated plants. Root replicates were thoroughly washed in running water, dried in absorbing paper, and
weighed to determine root fresh weigh.

About 1 gram of thin roots was collected for mycorrhizal colonization determination. Mycorrhizal colonization was
evaluated by the root slide method (Giovannetti and Mosse 1980) by first clearing the roots with KOH and staining with
trypan blue (Phillips and Hayman 1970). The extraction of external AMF mycelium, from 5 g of the substrate suspended
in 1,500 mL of water, and the determination of total external mycelium length were performed according to Melloni and
Cardoso (1999).

Data were submitted to analysis of variance (two-way ANOVA) to test the main effects of AMF inoculation, substrate,
and their interaction. Tukey test at 5% significance was used for comparison of means, using the software SISVAR (Ferreira
2011). Data expressed as percentage were arcsine-square-root transformed, and the data relative to counts were log x + 1
transformed before the statistical analyses. Multivariate analysis was performed by principal component analysis (PCA)

and Pearson’s correlation using Minitab Statistical version 17.1.0.

RESULTS

Growth parameters were significantly influenced by the growth-substrate for coffee seedling cultivation and also by
the AMF species used as inocula (Fig. 1 and Table 1). Plants grown in the commercial substrate showed the highest shoot
biomass production, stem diameter, plant height and number of leaves when A scro, A morr, R clar and G sp were inoculated,
with up to a 149% of increase in shoot biomass compared to the control (Fig. 1A and Table 1). With the conventional
substrate, the inoculation of Gi mar, A sp and G sp increased seedling shoot mass, stem diameter, plant height and number
of leaves, with increases of 160, 190 and 320% in shoot biomass, respectively (Fig. 1A and Table 1). Greater root biomass
was observed in plants colonized by R clar, G sp and A scro in the commercial substrate (Fig. 1B) with increases up to 68%.
Plants cultivated in the conventional substrate and with G sp inoculation showed higher root growth (Fig. 1B), increasing
root mass by 242%. In general, with the commercial substrate, root biomass was 77% greater than with the conventional
substrate (Fig. 1).

The mycorrhizal colonization of coffee roots ranged from 17 to 60% in plants grown in the conventional substrate,
and the highest rates were obtained with A morr and G mac inoculation (Fig. 2A). However, in the commercial substrate,
the mycorrhizal colonization was relatively low, from 4 to 7%, and significantly lower than in the conventional substrate
(Fig. 2A).

In the commercial substrate, the different AMF isolates did not show a significant difference in the length of
total ERM (Fig. 2B), but they differed from the control treatment, which did not show intraradical colonization or
extraradical mycelium (Figs. 2A and 2B). In the conventional substrate, the C etu isolate showed the longest ERM
length compared to the control treatment. The length of total ERM did not differ between substrates, except for
the D heter and the control (without AMF inoculation), which showed higher ERM in the conventional substrate
(Figs. 2A and 2B).
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Bl Conventional
B Commercial

(a) (b)
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*Significant difference between substrates within each arbuscular mycorrhizal fungi (AMF) inoculation treatment, capital letters compare means of AMF
inoculation in the “conventional” substrate and small letters compare means of AMF inoculation in the “commercial” substrate, by the Tukey test (P <0.05); Control:
without AMF inoculation; R irr: Rhizophagus irregularis; Gi mar: Gigaspora margarita; C etu: Claroideoglomus etunicatum; A morr: Acaulospora morrowiae; R clar:
Rhizophagus clarus; A scro: Acaulospora scrobiculata; G sp: Glomus sp.; D heter: Dentiscutata heterogama; G macr: Glomus macrocarpum; A sp: Acaulospora sp.
Figure 1. (a) Shoot and (b) root biomass production of Coffea arabica seedlings under the influence of different arbuscular mycorrhizal fungi
isolates and grown in conventional and commercial substrates.

Table 1. Stem diameter, height and number of leaves in Coffea arabica seedlings, 200 days after transplanting, under the influence of different
arbuscular mycorrhizal fungi inocula and grown in conventional and commercial substrates.

Arbuscular Mycorrhizal Fungi

Substrate
Control Rirr G macr Cetu R clar Gsp Gi mar A morr Ascro Asp D heter
Stem diameter (mm)
Commercial 29d 31d 3.5becd* 31d 43a* 40ab* 3.2cd 39abc* 39abc* 3.6 bed 33 becd*
Conventional 25C 27BC 3.0ABC 2.7BC 31ABC 3.4AB 3.2ABC 2.9 ABC 2.7BC 35A 26C

Height (cm)

Commercial 238e* 242e 279bcd  273bcd*  343a* 341ab* 25b.6de  327abc* 330abc* 270bcd 26.0cde”

Conventional 157D 202BCD 242ABC 205BCD 264AB  240ABC 259ABC 213BCD 19.4BCD 275A 18.7CD

Leaf number

Commercial 18.8 bc 18.8 bc 260ab* 18.8 bc 316a* 316a* 172¢ 316a* 312a* 18.4bc 228 bc*

Conventional 1448 16.8 AB 18.4 AB 16.8 AB 21.6 AB 23.6A 228A* 18.8 AB 18.0AB 220AB 16.4 AB

*Significant difference between substrates within each arbuscular mycorrhizal fungi (AMF) inoculation treatment, capital letters compare means of AMF
inoculation in the “conventional” substrate and small letters compare means of AMF inoculation in the “commercial” substrate, by the Tukey test (P < 0.05);
Control: without AMF inoculation; R irr: Rhizophagus irregularis; Gi mar: Gigaspora margarita; C etu: Claroideoglomus etunicatum; A morr: Acaulospora
morrowiae; R clar: Rhizophagus clarus; A scro: Acaulospora scrobiculata; G sp: Glomus sp.; D heter: Dentiscutata heterogama; G macr: Glomus macrocarpum;
A sp: Acaulospora sp.

Regarding photosynthetic pigments of coffee leaves, the inoculation of AMF isolates did not influence the contents of
chlorophyll a, b, a+b and carotenoids in seedlings grown on the commercial substrate (Table 2). However, in the conventional
substrate, the inoculation of R clar, Gi mar and A sp promoted higher levels of chlorophyll g, chlorophyll a+b and carotenoids

than the non-inoculation treatment (Table 2).
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Bl Conventional
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*Significant difference between substrates within each AMF inoculation treatment, capital letters compare means of AMF inoculation in the “conventional”
substrate and small letters compare means of AMF inoculation in the “commercial” substrate, by the Tukey test (P < 0.05); Control: without AMF inoculation;
R irr: Rhizophagus irregularis; Gi mar: Gigaspora margarita; C etu: Claroideoglomus etunicatum; A morr: Acaulospora morrowiae; R clar: Rhizophagus clarus; A
scro: Acaulospora scrobiculata; G sp: Glomus sp.; D heter: Dentiscutata heterogama; G macr: Glomus macrocarpum; A sp: Acaulospora sp.

Figure 2. (a) Mycorrhizal root colonization and (b) total length of arbuscular mycorrhizal fungi (AMF) extraradical mycelium of Coffea arabica
seedlings under the influence of different arbuscular mycorrhizal fungi isolates and grown in conventional and commercial substrates.

Table 2. Contents of photosynthetic pigments in leaves of Coffea arabica seedlings inoculated with different arbuscular mycorrhizal fungi
isolates and uninoculated controls, growing in different substrates.

Arbuscular Mycorrhizal Fungi?

Substrate!
Control Rirr G macr Cetu Rclar Gsp Gimar A morr Ascro Asp D heter

Chlorophyll a (mg-mL*plant extract)
Commercial 13.3ab 13.3ab 15.1ab 13.1ab 172a 16.5 ab 10.6 b 16.8a 149 ab 11.7ab 14.4 ab

Conventional 13.4B 188AB* 189AB* 171AB* 20.1A 18.1AB 200A* 173 AB 18.2AB 209A* 181AB*

Chlorophyll b (mg-mLplantextract)
Commercial 38a 38a 36a 39a 44a 43a 3b5a 39a 34a 32a 33a
Conventional 33A 45A 41A 42A 44A 37A 4.4 A 41A 3.8A 45A 3.8A

Chlorophyll a+b (mg-mL?* plant extract)
Commercial 171a 171a 18.6a 170 a 216a 20.8a 141a 20.8a 18.3a 150a 177 a
Conventional 16.7B 233AB* 230AB 21.2AB 245 A 21.8AB 244 AB* 21.4 AB 220AB 255 A* 219AB

Carotenoids (mg-mL* plant extract)

Commercial 37a 37a 42a 37a 443 443 29a 45a 41a 34a 40a
Conventional 3.8B 49 AB* 49 AB 49 AB* 51AB 47 AB bAA™ 45 AB 47 AB bH5A* 47 AB

*Significant difference between substrates within each arbuscular mycorrhizal fungi (AMF) inoculation treatment, capital letters compare means of AMF
inoculation in the “conventional” substrate and small letters compare means of AMF inoculation in the “commercial” substrate, by the Tukey test (P <0.05); Control:
without AMF inoculation; R irr: Rhizophagus irregularis; Gi mar: Gigaspora margarita; C etu: Claroideoglomus etunicatum; A morr: Acaulospora morrowiae; R clar:
Rhizophagus clarus; A scro: Acaulospora scrobiculata; G sp: Glomus sp.; D heter: Dentiscutata heterogama; G macr: Glomus macrocarpum; A sp: Acaulospora sp.

The highest shoot P concentrations and contents were observed in plants grown on the commercial substrate, mainly
with G macr, A scrob, A morr and D heter inoculation (Figs. 3A and 3B). Concerning the P use efficiency (PUE) index, it
was observed that plants grown on the conventional substrate and with G macr, R clar, G sp, Gi mar and A sp inoculation
showed higher index values than control plants and than plants grown on commercial substrate (Fig. 3C). Mycorrhization

had no significant effect on PUE index in the commercial substrate (Fig. 3C). In general, the foliar APase activity was
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significantly higher in the control plants (without AMF inoculation) grown in both substrates used for coffee seedlings

cultivation (Fig. 3D).

Bl Conventional
B Commercial

(@ (b)

D heter
Asp

A scro
A morr
Gimar
Gsp
Rclar
Cetu

G macr
Rirr
Control

abc

bed
abc

AMF treatment

ab
cd

05 10 15 20 25 .0 35 40
© P concentration, g-kg*

AMF treatment

8 10
P use efficiency, g*mg?* Foliar APase, ug p-NP g*th?

*Significant difference between substrates within each arbuscular mycorrhizal fungi (AMF) inoculation treatment, capital letters compare means of AMF
inoculation in the “conventional” substrate and small letters compare means of AMF inoculation in the “commercial” substrate, by the Tukey test (P <0.05); Control:
without AMF inoculation; R irr: Rhizophagus irregularis; Gi mar: Gigaspora margarita; C etu: Claroideoglomus etunicatum; A morr: Acaulospora morrowiae; R clar:
Rhizophagus clarus; A scro: Acaulospora scrobiculata; G sp: Glomus sp.; D heter: Dentiscutata heterogama; G macr: Glomus macrocarpum; A sp: Acaulospora sp.
Figure 3. (a) Shoot phosphorus concentration and (b) content, (c) phosphorus use efficiency index and (d) foliar acid phosphatase (APase)
activity in Coffea arabica seedlings inoculated or not with different arbuscular mycorrhizal fungi isolates and grown in conventional and

commercial substrates.

The highest values of symbiotic efficiency in the commercial substrate were observed in plants with A scro, A morr,
R clar and G sp inoculation. In the conventional substrate, inoculation of G sp, Gi mar, A sp, R clar and G macr showed

higher symbiotic efficiency (Table 3).

Table 3. Symbiotic efficiency of the different arbuscular mycorrhizal fungi isolates inoculated in commercial and conventional substrates
for Coffea arabica seedling cultivation.

Substrate!
Rirr G macr Cetu Rclar Gsp Gimar A morr Ascro Asp D heter
Symbiotic Efficiency (%)
Commercial -135 59.5 -5.4 121.6 1135 =243 1324 148.6 0.0 10.8
Conventional 45.0 105.0 65.0 130.0 320.0 160.0 75.0 50.0 190.0 25.0

R irr: Rhizophagus irregularis; Gi mar: Gigaspora margarita; C etu: Claroideoglomus etunicatum; A morr: Acaulospora morrowiae; R clar: Rhizophagus clarus;
A scro: Acaulospora scrobiculata; G sp: Glomus sp.; D heter: Dentiscutata heterogama; G macr: Glomus macrocarpum; A sp: Acaulospora sp.
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The PCA showed that the first (PC1) and second (PC2) components explained 51.7 and 23.6% of the total variation,
respectively (Fig. 4). According to the PCA, the substrates used for coffee seedling growth were clearly separated in the
PC axes. The separation of commercial and conventional substrates had a great influence on the measured variables. The
separation of plants grown in the conventional substrate in the PC axes was mainly determined by mycorrhizal colonization,
P use efficiency and the length of ERM, while in the commercial substrate it was mainly influenced by shoot and root biomass
production, and shoot P concentration and content. Control treatments in the commercial and conventional substrates

were more dispersed than treatments with AMF inoculation (Fig. 4).

Score Plot

Control
[ )

Controi
®
) 1
WA scro
A.sp G macr g :
Gimar, Dheter @RI
: ® Gsp_____.

PC2 (23.6%)
()

0 g
.R clar Cetu ®Asp

Gmacr® Amorr
-2
R clar

31 :
0
PC1(51.7%)

Loading Plot
0.4+

APASE

0.2 1

0.0 1

-0.2 4

PC2 (23.6%)

-0.4 1

-0.6 4

.05 -04 -03 -02 -01 00 01 02 03 0.4
PC1(51.7%)

Control: without AMF inoculation; Rirr: Rhizophagus irregularis; Gi mar: Gigaspora margarita; C etu: Claroideoglomus etunicatum; A morr: Acaulospora morrowiae; R
clar: Rhizophagus clarus; A scro: Acaulospora scrobiculata; G sp: Glomus sp.; D heter: Dentiscutata heterogama; G macr: Glomus macrocarpum; A sp: Acaulospora
sp.; P CONC: P concentration; P CONT: P content; P USE: P use efficiency index; RDW: root biomass; SDW: shoot biomass; COL: mycorrhizal colonization; ERM:
extraradical mycelium length; APase: foliar acid phosphatase activity.

Figure 4. (a) Score and loading (b) plots of the first two components (PC1 and PC2) of the principal component analysis for some of the
determined variables in Coffea arabica seedlings inoculated or not with different arbuscular mycorrhizal fungi isolates and grown in
conventional (dark blue dots) and commercial substrates (light blue dots)
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DISCUSSION

In general, AMF inoculation increased coffee seedling growth, corroborating the importance of the mycorrhizal association
for coffee, which is a species highly dependent on mycorrhizae at the nursery and under field conditions (Lopes et al. 1983,
Colozzi-Filho et al. 1994, Andrade et al. 2009).

Both substrates were suitable for coffee seedling production, but the effects were clearly different, as shown by PCA
analysis (Fig. 4). The substrates showed great influence on plant mycorrhization and effect on growth and P nutrition.
The commercial organic substrate influenced biomass production and P uptake, while the conventional substrate mainly
influenced mycorrhization (intra and extraradical mycelium). The AMF inoculation in both substrates caused an evident
effect on the plants, clearly standing out from the effect of non-inoculation (Fig. 4).

The growth parameters showed that AMF may be more efficient in promoting plant development depending on the
substrate (Fig. 1, Table 1). The type of substrate caused different effects on the development of coffee seedlings, what may be
mainly related to differences in the fertility levels of each substrate, concerning the P, K, Ca, Mg, Cu and Fe concentrations.
The conventional substrate showed a higher P concentration than the commercial substrate, but in both substrates the P
concentration was very high and, even so, did not inhibit the establishment of mycorrhizal association in the seedlings roots
and the plant growth promotion, indicating the importance of mycorrhization to coffee seedlings.

This result contrasts with the observation that mutualistic symbiosis in coffee occurs in the range of 10 to 100 mgkg™
of available P in the soil (Saggin-Janior and Siqueira 1996). Coftee seedlings produced with less phosphate fertilization and
inoculated with R. clarus and C. etunicatum produced more biomass (Moreira et al. 2019). Low soil P concentration (5.3
to 18.4 mgkg™) and pH (5.7 to 6.6) are important characteristics that may favor the presence of specific AMF in the coffee
crop (Bertolini et al. 2020). The response of different mycorrhizal fungi regarding P availability in the substrate may be
related to differences in their symbiotic efficiency (Bennett and Groten 2022). As already mentioned, there is a relationship
between the range of available P concentration in which AMF achieve a mutualistic relationship and its optimal symbiotic
efficiency (Smith et al. 2011). The mycorrhization of coffee with G. margarita and Acaulospora spp. was efficient in promoting
seedlings growth in the conventional substrate, which showed a high P concentration, corroborating previous reports in
mycorrhizal coffee (Colozzi-Filho and Siqueira 1986, Saggin-Junior et al. 1994).

In the present study, the seedlings of control plants (without AMF inoculation) produced on commercial substrate
showed growth comparable to the control seedlings in the conventional substrate (Fig. 1A; Table 1), pointing out that
this substrate can be used to replace conventional coffee seedling production. Commercial substrates based on coconut
fiber favor rooting possibly due to their high porosity (Rosa et al. 2001). Coffee seedlings produced with the commercial
substrate showed in general greater root biomass production, mainly with R. clarus and Glomus spp. inoculation (Fig. 1B),
which stimulated P uptake, indicated by higher shoot P concentration and content and lower phosphatase activity (Figs.
3A, 3B and 3D), and, consequently, greater shoot growth (Fig. 1A). Seedlings grown in the commercial substrate had better
growth especially when R. clarus, Glomus spp. and A. scrobiculata were inoculated, highlighting these isolates as candidates
for new inoculants for coffee seedlings.

Tristdo et al. (2006) compared different substrates for coffee seedlings production, including the conventional substrate
and this coconut fiber-based substrate with R. irregularis, C. etunicatum, and G. margarita inoculation, and concluded that
both, substrate and AME, influenced seedling growth. Regarding mycorrhization, G. margarita inoculation, considered
an efficient species for coffee growth promotion (Colozzi-Filho and Siqueira 1986), caused higher P use efficiency, greater
shoot biomass and symbiotic efficiency, favoring the concentration of photosynthetic pigments in the conventional substrate
than in commercial organic substrate, even though the P concentration was higher in the conventional substrate. Moreover,
varieties of coffee also can influence the mycorrhization efficiency, and there are more than 100 species of AMF that are
known to associate with coffee (Hernandez-Acosta et al. 2021), indicating that it may be an effective variety - AMF species
interaction to improve P use efficiency, under a range of growing conditions.

A possible explanation for low mycorrhizal colonization rates may be related to high organic matter content and P
concentration in the soil (Trindade et al. 2000), what possibly influenced root colonization by AMF in both substrates
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(Fig. 2a). Although in both substrates there was high P concentration, especially in the conventional substrate, there was
higher colonization rate in plants grown in this substrate (Fig. 2a) and lower mycorrhizal colonization in plants grown
in the commercial substrate. As the soil used in the conventional substrate was not disinfected, according to standard in
conventional coffee seedling production practices, roots of non-inoculated plants showed the presence of mycorrhizal
structures and a 17% colonization rate (Fig. 2a).

However, in this substrate all the AMF inoculated showed positive symbiotic efficiencies, ranging from 25 to 320% (Table
3), indicating that exotic AMF were more effective than native AMF in promoting coffee seedling growth. The length of
the total ERM was similar in both substrates (Fig. 2b) and did not correlate to the intraradical colonization rate by AMF
(r =0.244, p = 0.275), as seedlings on the commercial substrate, with low intraradical colonization, showed similar ERM
length to seedlings on the conventional substrate, with relatively higher intraradical colonization (Fig. 2a). This result
could be explained by the fact that coffee seedlings produced significantly greater root biomass in the commercial than
in the conventional substrate (Fig. 1b). Thus, even with the lower intraradical colonization observed with the commercial
substrate, the greater root production could have resulted in similar extraradical mycelium length in both substrates.
Organic substrates based on coconut fiber are also known to offer high porosity (Carrijo et al. 2002) and pore size which
can positively influence the establishment of extraradical mycelia (Drew et al. 2003).

A significant negative correlation was found between mycorrhizal colonization and shoot P concentration (r = -0.607,
p = 0.003) probably due to the lower mycorrhizal colonization in plants grown on the commercial substrate that showed
higher shoot P concentration (Figs. 2a and 3a). However, there was no influence of mycorrhization on shoot P concentration
in plants grown on conventional substrate, despite the higher colonization rates. In this study, it is not possible to infer the
main route for P uptake, if via mycorrhizal or direct pathway (Smith et al. 2011). Probably the contribution of mycorrhiza
to P uptake was higher in the conventional substrate, although shoot P concentrations were higher in seedlings grown in
the commercial substrate that also showed high available P concentration. These results confirm the well-known effect that
the mycorrhizal colonization may not be related to the fungal ability to absorb P or to the symbiotic efficiency. The activity
of the extraradical mycelium can be more related to fungal ability to absorb and translocate P from the substrate to the host
(Bennett and Groten 2022, Qin et al. 2022).

Acid phosphatase activity (APase) was negatively correlated to shoot P content (r = -0.579, p = 0.005), indicating that
in leaves of plants with lower P content the APase was increased, in order to mobilize internal P sources (Duff et al. 1994).
Although there was a large difference in P availability between the substrates, APase activity was generally not different
between plants grown in both substrates, probably because the plants had reached at least the optimal P concentration
in the tissues, considered to be between 1.2 and 2 gkg™ in adult plants (Cantarella et al. 2022). In control plants, without
AMTF inoculation, APase activity was higher in both substrates than in plants with AMF inoculation, which suggest that
the increase in the enzyme activity was more evident in plants with the lowest P contents (Ascencio 1994), mainly in the
commercial substrate, evidencing the importance of AMF colonization (Fig. 3).

The contents of photosynthetic pigments may be related to the N concentration in the substrate since this nutrient is
the main compound of chlorophyll. As the C/N ratio of the commercial substrate was high and the immobilization of N
was likely intense, in spite of the N added by fertigation, there may have been a lack of N to the plants and, consequently,
a lower content of photosynthetic pigments in the leaves (Table 3).

It is important to evaluate the effects of different AMF species with different commercial organic substrates in order to
expand the range of substrates and AMF inocula for coffee seedling producers. The fertility level and type of the substrates
must be carefully considered to ensure the best performance of the mycorrhizal association (Tristao et al. 2006). The
inoculation of AMF reduces the use of fertilizers, mainly concerning P. Therefore, it is a promising biotechnological tool
for sustainable coffee production, especially because coffee is highly dependent on mycorrhizal association (Andrade et
al. 2009). Furthermore, recent evidence has provided new insights into the exchange of nutritional benefits between the
symbiotic partners. The great potential for AMF inoculation has given rise to a thriving industry for AMF-related products

for agriculture, horticulture, and landscaping (Chen et al. 2018).
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CONCLUSION

The efficiency of different AMF in promoting coffee seedlings growth depended on the cultivation substrate. Inoculation
of G. margarita (IAC-FM1), Acaulospora spp. (IAC-FM13) and Glomus spp. (IAC-FM28) in the conventional substrate
(mixture composed of soil and cattle manure compost) conferred the best growth-plant responses, with increases between
160 and 320%, while in the commercial substrate (organic substrate based on coconut fiber) the most efficient AMF were
R. clarus (IAC-FM16), Glomus spp. (IAC-FM28), A. morrowiae (IAC-FM14) and A. scrobiculata (IAC-FM10), with up to
149% growth improvement.

Here we showed that commercial substrate based on coconut fiber with the inoculation of some AMEF isolates were
highly beneficial for coffee seedlings development and can replace the current use of the conventional substrate. These
results open new opportunities for the use of arbuscular mycorrhizal fungus inoculants as a key element to improve coftee

seedling production with commercial organic substrates.

AUTHORS’ CONTRIBUTION

Conceptualization: Silveira, A. P. D. and Tristdo, E. S. M.; Methodology: Silveira, A. P. D., Tristdo, E. S. M. and Andrade,
S. A. L; Investigation: Tristdo, E. S. M. and Andrade, S. A. L.; Writing - Original Draft: Tristdo, E S. M. and Fernandes,
A. O.; Writing - Review and Editing: Silveira, A. P. D, Cipriano, M. A. P. and Andrade, S. A. L.; Supervision: Silveira, A.
P. D. and Cipriano, M. A. P..

DATA AVAILABILITY STATEMENT

All dataset were generated or analyzed in the current study.

FUNDING

Not applicable.

ACKNOWLEDGMENTS

The authors thank Rosana Gongalves Gierts for laboratory assistance and Center of Coffee, IAC, for seeds of Coffea

arabica var. Catuai amarelo IAC-62.

REFERENCES

Andrade, C. R., Melo, B. M. R., Mendes, C. T. E., Castro, D. G., Coelho, E. L. and Francisco, K. C. P. (2021). Growth and seedling quality
of different coffee cultivars under different substrates and containers. Research, Society and Development, 10, e2810212073. https://
doi.org/10.33448/rsd-v10i2.12073

Andrade, S. A. L., Mazzafera, P, Schiavinato, M. and Silveira A. P. D. (2009). Arbuscular mycorrhizal association in coffee. The Journal of
Agricultural Science, 147, 105-115. https://doi.org/10.1017/s0021859608008344

Bragantia, Campinas, 82, €20220161, 2023 11


https://doi.org/10.33448/rsd-v10i2.12073
https://doi.org/10.33448/rsd-v10i2.12073
https://doi.org/10.1017/s0021859608008344

A.P.D. Silveira et al.

Ascencio, J. (1994). Acid phosphatase as a diagnostic tool. Communications in Soil Science and Plant Analyzes, 25, 1553-1564. https://
doi.org/10.1080/00103629409369135

Bennett, A. E. and Groten, K. (2022). The costs and benefits of plant—arbuscular mycorrhizal fungal interactions. Annual Review of Plant
Biology, 73, 649-672. https://doi.org/10.1146/annurev-arplant-102820-124504

Bertolini, V., Montafo, N. M., Salazar, B. L., Chimal, E. and Varela, L. (2020). Diversity of arbuscular mycorrhizal fungi in coffee plantations
(Coffea arabica) of the Tacana Volcano, Chiapas, Mexico. Acta Botanica Mexicana, 127,e1602. https://doi.org/10.21829/abm1272020.1602

Besford, R. (1979). Phosphorus nutrition and acid phosphatase activity in the leaves of seven plant species. Journal of the Science of
Food and Agriculture, 30, 281-285. https://doi.org/10.1002/jsfa.2740300312

Brigida, A., Calado, V., Gongalves, L. and Coelho, M. (2009). Effect of chemical treatments on the properties of green coconut fiber.
Carbohydrate Polymers, 79, 832-838. https://doi.org/10.1016/j.carbpol.2009.10.005

Cantarella, H., Quaggio, J. A., Mattos, D. Jr., Boaretto, R. M. and van Raij, B. (2022). Recomendac¢des de adubagao e calagem para o
Estado de Sao Paulo. 3. ed. Campinas: IAC. (Boletim, 100.)

Carrijo, O. A, Liz,R.S. D., Makishima, N. (2002). Fibra da casca do coco verde como substrato agricola. Horticultura Brasileira, 20, 533-535.

Carvalho, L. C. C.,Silva, F. M. da, Ferraz, G. A., Stracieri, J., Ferraz, P.F. P.and Ambrosano, L. (2017). Geostatistical analysis of Arabic coffee
yield in two crop seasons. Brazilian Journal of Agricultural and Environmental Engineering, 21, 410-414. https://doi.org/10.1590/1807-
1929/agriambiv21n6p410-414

Chen, M., Arato, M., Borghi, L., Nouri, E. and Reinhardt, D. (2018). Beneficial services of arbuscular mycorrhizal fungi — from ecology to
application. Frontiers in Plant Science, 9, 1270. http://doi.org/10.3389/fpls.2018.01270

Cipriano, M. A. P, Freitas-lério, R. D. P, Dimitrov, M. R., Andrade, S. A. L., Kuramae, E. E. and Silveira, A. P. D. (2021). Plant-growth endophytic
bacteria improve nutrient use efficiency and modulate foliar N-metabolites in sugarcane seedling. Microorganisms, 9, 479. https://doi.
0rg/10.3390/microorganisms9030479

Colozzi-Filho, A. and Siqueira, J. O. (1986). Vesicular-arbuscular mycorrhizas in coffee seedlings. I. Effects of Gigaspora margarita and
phosphate fertilization on growth and nutrition. Brazilian Journal of Soil Science, 10, 199-205.

Colozzi-Filho, A., Siqueira, J. O., Saggin-Janior, O., Guimaraes P. and Oliveira, E. (1994). Effectiveness of different arbuscular mycorrhizal
fungi on seedling formation, post-transplant growth and coffee production. Brazilian Agricultural Research, 29, 1397-1406.

[Conab] Companhia Nacional de Abastecimento. (2021). Monitoring the Brazilian coffee crop. Brasilia: Conab, v. 8. Available at: E-book
BoletimZdeZSafrasZcafZ-ZdezembroZ21-compact.pdf. Accessed on: Apr 20, 2022.

Diaz, M. A,, Suarez, P. C., Diaz, M. D., Lépez, P. Y., Morera, B. Y. and Lépez, J. (2016). Influence of the biostimulant FitoMas-E on the
production of coffee seedlings (Coffea Arabica L.). Centro Agricola, 43, 29-35.

Drew, E. A, Murray, R. S., Smith, S. E. and Jakobsen, I. (2003). Beyond the rhizosphere: growth and function of arbuscular mycorrhizal
external hyphae in sands of varying pore sizes. Plant and Soil, 251, 105-114. https://doi.org/10.1023/A:1022932414788

Duff,S. M. G., Sarath, G. and Plaxton, W. C. (1994). The role of acid phosphatases in plant phosphorus metabolism. Physiologia Plantarum,
90, 791-800. https://doi.org/10.1111/j.1399-3054.1994.tb02539.x

Ferreira, D. F. (2011). Sisvar: A Computer Statistical Analysis System. Ciéncia e Agrotecnologia, 35, 1039-1042. https://doi.org/10.1590/
S1413-70542011000600001

Fonseca, A. J., Freitas, A.F,, Carvalho, G.R., Carneiro, M. A. C., Vilela, D. J. M. and Fassio, L. O. (2019). Arbuscular mycorrhizal fungus on the initial
growth and nutrition of Coffea arabica L. genotypes. Ciéncia e Agrotecnologia, 43,e006919. https://doi.org/10.1590/1413-7054201943006919

12 Bragantia, Campinas, 82, €20220161, 2023


https://doi.org/10.1080/00103629409369135
https://doi.org/10.1080/00103629409369135
https://doi.org/10.1146/annurev-arplant-102820-124504
https://doi.org/10.21829/abm127.2020.1602
https://doi.org/10.1002/jsfa.2740300312
https://doi.org/10.1016/j.carbpol.2009.10.005
https://doi.org/10.1590/1807-1929/agriambi.v21n6p410-414
https://doi.org/10.1590/1807-1929/agriambi.v21n6p410-414
http://doi.org/10.3389/fpls.2018.01270
https://doi.org/10.3390/microorganisms9030479
https://doi.org/10.3390/microorganisms9030479
https://doi.org/10.1023/A
https://doi.org/10.1111/j.1399-3054.1994.tb02539.x
https://doi.org/10.1590/S1413-70542011000600001
https://doi.org/10.1590/S1413-70542011000600001
https://doi.org/10.1590/1413-7054201943006919

AMF inoculants for coffee seedlings production

Giovannetti, M. and Mosse, B. (1980). Evaluation of techniques to measure vesicular arbuscular mycorrhizal infection in roots. New
Phytologist, 84, 489-500. https://doi.org/10.1111/j.1469-81371980.tb04556.x

Giovannini, L., Palla, M., Agnolucci, M., Avio, L., Sbrana, C., Turrini, A. and Giovannetti, M. (2020). Arbuscular mycorrhizal fungi and
associated microbiota as plant biostimulants: research strategies for the selection of the best performing inocula. Agronomy, 10, 106.
https://doi.org/10.3390/agronomy10010106

Gonzalez-Osorio, H., Botero, C. E. G., Padilla, S. P. J. and Osorio, W. (2022). Plant growth and phosphorus uptake of coffee seedlings
through mycorrhizal inoculation. Agronomia Colombiana, 40, 53-60. https://doi.org/10.15446/agron.colomb.v40n1.98599

Hernandez-Acosta, E., Banuelos, J. and Trejo-Aguilar, D. (2021). Review: Distribution and effect of mycorrhizal fungi in the coffee
agroecosystem. Revista de Biologia Tropical, 69, 445-461. https://doi.org/10.15517/rbt.v69i2.42256

Hiscox, J. and Israelstam, G. (1979). A method for extracting chlorophyll from leaf tissue without maceration. Canadian Journal of Botany,
57,1332-1334. https://doi.org/10.1139/b79-163

Lopes, E.S., Oliveira, E., Dias, R. and Schenck, N. (1983). Occurrence and distribution of vesicular-arbuscular mycorrhizal fungiin coffee
plantations (Coffea arabica L.) in central Sao Paulo State, Brazil. Turrialba, 33, 417-422.

Melloni, R.and Cardoso, E. J. B.N. (1999). Quantificacdo de micélio extrarradicular de fungos micorrizicos arbusculares em plantas citricas
e endofitos. |. método empregado. Revista Brasileira de Ciéncia do Solo, 23, 53-58. https://doi.org/10.1590/S0100-06831999000100007

Moreira, S. D., Franga, A. C., Grazziotti, P. H., Leal, F. D. S. and Silva, E. B. (2019). Arbuscular mycorrhizal fungi and phosphorus doses on
coffee growth under a non-sterile soil. Revista Caatinga, 32, 72-80. https://doi.org/10.1590/1983-21252019v32n108rc

Phillips, J. and Hayman, D. (1970). Improved procedures for root cleaning and staining of parasitic and vesicular-arbuscular mycorrhizal
fungi for rapid assessment of infection. Transactions of the British Mycological Society, 55, 1568-160. https://doi.org/10.1016/
S0007-1536(70)80110-3

Posada, R. H., Sdnchez, P. M., Heredia-Abarca, G. and Sieverding, E. (2018). Effects of soil physical and chemical parameters, and farm
management practices on arbuscular mycorrhizal fungi communities and diversities in coffee plantations in Colombia and Mexico.
Agroforestry Systems, 92, 555-574. https://doi.org/10.1007/s10457-016-0030-0

Prates Janior, P., Moreira, B. C., Silva, M. C. S., Veloso, T. G. R,, Stiirmer, S. L., Fernandes, R. B. A., Mendonga, E. S. and Megumi-Kasuya,
M. C. (2019). Agroecological coffee management increases arbuscular mycorrhizal fungi diversity. PLoS One, 14, e0209093. https://
doi.org/10.1371/journal.pone.0209093

Qin, Z.,, Pengq, Y., Yang, G., Feng, G., Christie, P.,, Zhou, J., Zhang, J., Li, X. and Gai, J. (2022). Relationship between phosphorus uptake
via indigenous arbuscular mycorrhizal fungi and crop response: A 3P-labeling study. Applied Soil Ecology, 180, 104624. https://doi.
0rg/10.1016/j.aps0il.2022.104624

Rosa, M. F, Santos, F. J. S., Montenegro, A. A. T., Abreu, F. A. P, Correia, D., Araujo, F. B. S. and Noroes, E. R. V. (2001). Caracterizacao
do pé da casca de coco usado como substrato agricola. Fortaleza: Embrapa Agroindustrial Tropical, 6 p. (Comunicado Técnico, 54.)
Available at: http://www.infoteca.cnptia.embrapa.br/infoteca/handle/doc/423156. Accessed on: June 15, 2022.

Rossetto, L., Pierangeli. G. M. F., Kuramae, E. E., Xavier, M. A,, Cipriano, M. A. P.and Silveira, A. P. D. (2021). Sugarcane pre-sprouted seedlings
produced with beneficial bacteria and arbuscular mycorrhizal fungi. Bragantia, 80, €2721. https://doi.org/10.1590/1678-4499.20200276

Saggin-Janior, O. and Siqueira, J. O. (1996). Micorrizas arbusculares em cafeeiro. In: J. O. Siqueira (Ed.). Avancos em fundamentos e
aplicagao de micorrizas (p. 203-254). Lavras: DCS/DCF.

Saggin-Janior, O., Siqueira, J. O., Guimaraes, P. and Oliveira, E. (1994). Interaction mycorrhizal fungi versus superphosphate and effects
on growth and nutrient contents of coffee in non-fumigated soil. Brazilian Journal of Soil Science, 18, 27-36.

Bragantia, Campinas, 82, €20220161, 2023 13


https://doi.org/10.1111/j.1469-8137.1980.tb04556.x
https://doi.org/10.3390/agronomy10010106
https://doi.org/10.15446/agron.colomb.v40n1.98599
https://doi.org/10.15517/rbt.v69i2.42256
https://doi.org/10.1139/b79-163
https://doi.org/10.1590/S0100-06831999000100007
https://doi.org/10.1590/1983-21252019v32n108rc
https://doi.org/10.1016/S0007-1536(70)80110-3
https://doi.org/10.1016/S0007-1536(70)80110-3
https://doi.org/10.1007/s10457-016-0030-0
https://doi.org/10.1371/journal.pone.0209093
https://doi.org/10.1371/journal.pone.0209093
https://doi.org/10.1016/j.apsoil.2022.104624
https://doi.org/10.1016/j.apsoil.2022.104624
http://www.infoteca.cnptia.embrapa.br/infoteca/handle/doc/423156
https://doi.org/10.1590/1678-4499.20200276

A.P.D. Silveira et al.

Smith, S. E., Jakobsen, I., Grenlund, M. and Smith, F. A. (2011). Roles of arbuscular mycorrhizas in plant phosphorus nutrition: interactions
between pathways of phosphorus uptake in arbuscular mycorrhizal roots have important implications for understanding and manipulating
plant phosphorus acquisition. Plant Physiology, 156, 1050-1057. https://doi.org/10.1104/pp.111.174581

Siqueira, J. O. and Saggin-Junior, O. (2001). Dependence on arbuscular mycorrhizal fungi and responsiveness of some native Brazilian
woody species. Mycorrhiza, 11, 245-255. https://doi.org/10.1007/s005720100129

Sonneveld, C., Ende, J. and Van Den, D. P. A. (1974). Analysis of growing media by means of a 1:1.5 volume extract. Communications in
Soil Science and Plant Analysis, 5, 183-202. https://doi.org/10.1080/00103627409366497

Souza, D. M. S. C., Amorim, Y. F., Novaes, A. B., Santana, T. M., Abreu, G. M. and Aguiar Junior, A. L. (2017). Production of Arabica coffee
seedlings in different combinations of substrates and single superphosphate doses. Space Magazine, 38, 2-13.

Trindade, A. V., Faria, N. G. and Almeida, F. P. (2000). Use of manure in the development of papaya seedlings colonized with mycorrhizal
fungi. Brazilian Agricultural Research, 35, 1389-1394. https://doi.org/10.1590/S0100-204X2000000700013

Tristao, F. M., Andrade, S. A. L. and Silveira, A. P. D. (2006). Arbuscular mycorrhizal fungi in the development of coffee seedlings in different
organic substrates. Bragantia, 65, 649-658. https://doi.org/10.1590/S0006-87052006000400016

Vallejos-Torres, G., Espinoza, E., Marin-Diaz, J., Solis, R. and Arévalo, L. A. (2021). The role of arbuscular mycorrhizal fungi against root-knot
nematode infections in coffee plants. Journal of Soil Science and Plant Nutrition, 21, 364-373. https://doi.org/10.1007/s42729-020-00366-z

Vallone, H. S., Guimaraes, R. J., Mendes, A. N. G., Souza, C. A. S., Cunha, R. L. and Dias, F. P. (2010). Different containers and substrate
in the production of coffee seedlings. Agrotec Science, 34, 55-60. https://doi.org/10.1590/51413-70542010000100006

Valverde-Lucio, Y., Moreno-Quinto, J., Quijije-Quiroz, K., Castro-Landin, A., Merchan-Garcia, W. and Gabriel-Ortega, J. (2020). Biostimulants:
An innovation in agriculture for coffee cultivation (Coffea arabica L.). Journal of the Selva Andina Research Society, 11, 18-28.

14 Bragantia, Campinas, 82, 20220161, 2023


https://doi.org/10.1104/pp.111.174581
https://doi.org/10.1007/s005720100129
https://doi.org/10.1080/00103627409366497
https://doi.org/10.1590/S0100-204X2000000700013
https://doi.org/10.1590/S0006-87052006000400016
https://doi.org/10.1007/s42729-020-00366-z
https://doi.org/10.1590/S1413-70542010000100006

