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ABSTRACT

Acacia mearnsii is an Australian native tree species commercially grown in Africa and South America 
that produces tannins and woodchips. Its seed size varies, which may impact the germination and initial 
growth of seedlings. In its turn, Azospirillum brasilense inoculation is known to improve the growth of 
several crops. However, there are few studies the effects of A. brasilense inoculation on the germination 
and initial growth of forestry species. The present study evaluated the influence of seed size and A. 
brasilense Ab-V5 and Ab-V6 inoculation on germination and initial growth of A. mearnsii. Small seeds 
reduced the mean germination time (MGT) by 5.2% and the time to 50% germination (T50) by 23.8% in 
comparison to large seeds. On the other hand, seedlings that originated from large seeds had a seedling 
vigor index (SVI) 18.6% higher than those that originated from small seeds. Azospirillum brasilense 
inoculation increased the germination percentage by 20.9%, germination speed by 91.8%, root length 
(RL) by 35.8%, and root fresh weight by 20.5%. Additionally, it decreased MGT by 8.2% and T50 by 37.6%. 
The combination of large seeds and A. brasilense inoculation increased RL by approximately 50% and SVI 
by 62.1%. Thus, the use of A. brasilense inoculation favors germination and seedling vigor in A. mearnsii, 
showing to be a promising strategy for obtaining more uniform seedlings in forest nurseries.
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RESUMO

Acacia mearnsii é uma espécie arbórea australiana cultivada comercialmente na África e na América do 
Sul para produção de taninos e madeira. A espécie apresenta tamanho variável de sementes, o que pode 
impactar a germinação e o crescimento inicial das mudas. Já a inoculação com Azospirillum brasilense é 
conhecida por melhorar o crescimento de diversas culturas. Entretanto, existem poucos estudos sobre 
os efeitos da inoculação de A. brasilense na germinação e no crescimento inicial de espécies florestais. 
O presente estudo avaliou a influência do tamanho das sementes e da inoculação de A. brasilense Ab-V5 
e Ab-V6 na germinação e no crescimento inicial de A. mearnsii. Sementes pequenas reduziram o tempo 
médio de germinação (TMG) em 5,2% e o tempo para 50% de germinação (T50) em 23,8% em comparação 
às sementes grandes. Por outro lado, as mudas originadas de sementes grandes apresentaram índice de 
velocidade de germinação (IVG) 18,6% superior às originadas de sementes pequenas. A inoculação com 
Azospirillum brasilense aumentou a porcentagem de germinação em 20,9%, a velocidade de germinação 
em 91,8%, o comprimento da raízes (CR) em 35,8% e a massa fresca da raízes em 20,5%. Além disso, 
diminuiu o TMG em 8,2% e o T50 em 37,6%. A combinação de sementes grandes e de inoculação com A. 
brasilense aumentou o CR em cerca de 50% e o IVG em 62,1%. Assim, o uso da inoculação de A. brasilense 
favorece a germinação e o vigor de plântulas de A. mearnsii, mostrando-se uma estratégia promissora 
para obtenção de mudas mais uniformes em viveiros florestais.

Palavras-chave: Acácia negra; RPCP; Fitormônios; Vigor de sementes; Índices de vigor

1 INTRODUCTION

Acacia mearnsii De Wild., commonly known as black wattle, is an Australian native 

tree belonging to the family Leguminosae (Fabaceae) and the subfamily Mimosaceae 

(Dunlop; MacLennan, 2002). The species is used as a raw material for the production 

of tannins and woodchips in Africa and South America (Griffin et al., 2011). In southern 

Brazil, A. mearnsii forests occupy approximately 50 thousand hectares (Ageflor, 2022) 

either in single-species forests or in agroforest systems (Soares et al., 2018), mainly 

to serve the production of tannins, woodchips, and pellets for export (Ageflor, 2022; 

Giesbrecht et al., 2022). In addition to its economic importance, A. mearnsii also 

improves soil quality (Schumacher et al., 2003; São José et al., 2023).

The size of A. mearnsii seeds varies from 3 to 5 mm in length and from 2.5 to 3 mm 

in width (Boland et al., 1984). Size variation significantly influences the germination of 

leguminous tree seeds (Hill; Auld, 2020). This happens because distinct seed sizes have 

different levels of starch and other energy reserves, which may influence germination 
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and the initial growth of seedlings (Shahi; Vibnuti; Bargali, 2015). Typically, small seeds 

germinate faster (Baskin; Baskin, 1998; Souza; Fagundes, 2014) because they are 

more permeable and absorb water more rapidly than larger seeds (Souza; Fagundes, 

2014). On the other hand, although large seeds germinate more slowly, they have a 

higher germination rate (Harper, 1977; Geritz, 1995), higher growth, and better field 

performance in comparison with small seeds (Ambika; Manonmani; Somasundaram, 

2014; Kumar et al., 2016). Knowledge of this information is useful for forest nurseries, 

in which it is desirable to obtain homogeneity both in seedling size and in germination 

time. With this in mind, seed classification by size can be an alternative to standardize 

seed lots to obtain uniformity in seed germination and, consequently, to produce more 

vigorous seedlings.

Plant growth-promoting rhizobacteria (PGPR) are a heterogeneous group of 

bacteria that can improve plant growth and yield while colonizing the rhizosphere soil 

around the roots, the root surface, or inner root tissues (Gray; Smith, 2005; Vargas 

et al., 2023). In this context, Azospirillum stands out because of its versatility, as it can 

promote plant growth by several mechanisms. Examples of these mechanisms include 

biological nitrogen fixation, enzyme activation, phytohormone production, and the 

regulation of gene expression in roots. This multitude of features makes Azospirillum 

one of the most studied PGPR genera (Zawoznik et al., 2011; Rozier et al., 2017; Cassán; 

Vanderleyden; Spaepen, 2014). Previous research demonstrated that seed inoculation 

with Azospirillum brasilense strains increased the germination of agricultural seeds 

(Barassi et al., 2006; Mangmang; Deaker; Rogers, 2015; Rozier et al., 2019). Although 

studies have shown positive effects of PGPR inoculation in forest species (Zulueta-

Rodríguez et al., 2015; São José et al., 2019; Garcia-Lemos et al., 2020), the effects of A. 

brasilense inoculation on this group of plants are contradictory Souza et al., 2020).

To search for technological solutions to improve seedling quality, in this study, 

we analyzed the effect of different seed size classes and A. brasilense Ab-V5 and Ab-V6 

inoculation on seed germination of A. mearnsii.
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2 MATERIALS AND METHODS

Acacia mearnsii seeds were collected from a seed orchard belonging to the 

Tanagro S/A Company. The orchard is located in Piratini city, Rio Grande do Sul State, 

Brazil (geographic coordinates: 31°26’39” S and 52°58’54” W). Seeds were then dry-

stored at room temperature for twelve months until the experiments were initiated.

To evaluate the effects of seed size and A. brasilense inoculation on seed 

germination, we performed a germination test, in the Seed Technology Laboratory 

of DDPA, in Porto Alegre, Brazil. First, seeds were immersed in hot water at 80°C for 

5 minutes for breaking seed dormancy (São José et al., 2019). Then, with the use of a 

caliper, seeds were manually classified into two size groups: small (3.0 to 4.0 mm long, 

2.0 to 3.0 mm wide, and thousand seed weight of 13.17 g) and large (4.1 a 5.6 mm long, 

2.0 to 3.8 mm wide, and thousand seed weight of 17.56 g). In each size group, part of the 

seeds was inoculated with a commercial product (Nitro1000 Gramíneas®) containing 

2.0 × 108 CFU mL-1 of A. brasilense strains Ab-V5 and Ab-V6. Seeds were submersed in 

20 mL of inoculant product for 5 min. The other part of the seeds was kept as non-

inoculated control. Each treatment had three replicates, and each experimental unit 

comprised 25 seeds (n = 75 seeds) placed in germination boxes containing filter paper 

soaked with 10 ml of deionized water. Germination boxes were sealed with parafilm 

to avoid evaporation. The germination test was conducted for 13 days in germination 

chambers at 25°C with a 12-h photoperiod. Seeds with visible radicle protrusion (>0.5 

mm) were considered germinated.

In the germination test, the total seed germination percentage (Gt), first day 

of germination (FDG), germination rate (GR), mean germination time (MGT), and 

germination index (GI) were evaluated according to Kader (2005). Time to 50% 

germination (T50) was calculated according to Coolbear, Francis and Grierson (1984) 

modified by Farooq et al. (2005), and germination speed (S) was calculated according 

to Chiapusio et al. (1997).
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Thus, the total seed germination percentage (Gt) was calculated based on the 

total number of germinated seeds at the end of the experiment using the following 

Equation (1):

(1)

The first day of germination (FDG) was considered the day on which the first 

germination event occurred after the experiment started.

The germination rate (GR) was calculated by the following Equation (2):

(2)

where Gt1 represents Gt on the first day (d1) after sowing, Gt2 represents Gt on the second day (d2) 
after sowing, Gt3 represents Gt on the third day (d3) after sowing, and Gti represents Gt on the ith day 
after sowing. GR is the daily germination percentage during the germination period. Higher GR values 
indicate higher and faster germination.

The mean germination time (MGT) was calculated according to Equation (3):

(3)

The germination index (GI) was calculated using Equation (4):

(4)

where N1, N2 ... N13 are the number of germinated seeds on the first, second, and subsequent days 
until the 13th day; 13, 12 … and 1 are weights given to the number of germinated seeds on the first, 
second, and subsequent days, respectively.

Time to 50% germination was calculated by means of Equation (5):

(5)

where N is the final number of germinated seeds and ni and nj are the total number of seeds germinated 
by adjacent counts at times ti and tj, when ni < N/2 < nj.
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Germination speed (S) was calculated using Equation (6):

S = (N1×1) + (N2-N1) × 1/2 + (N3-N2) × 1/3 +... (Nn-Nn–1) × 1/n (6)

where N1, N2, N3, ... Nn–1, Nn represent the proportion of germinated seeds obtained on the first (1), 
second (2), third (3), … (n–1), and (n) days.

At the end of the germination test, after 13 days, the following were measured: 

root length (RL), shoot length (SL), root fresh weight (RFW), and shoot fresh weight 

(SFW). The seedling vigor index (SVI) was also measured (Abdul-Baki; Anderson, 1973) 

according to Equation (7):

SVI = Gt × Seedling length (RL+ SL) (7)

Data analysis was carried out using INFOSTAT software (di Rienzo; Casanoves; 

Balzarini; Gonzáles; Tablada; Robledo, 2018). All data were analyzed for normality and 

homogeneity of variance before analysis. A two-way analysis of variance (ANOVA) was 

used to test the significance of the main effects (seed size and A. brasilense inoculation) 

and their interactions on Gt, GR, MGT, GI, T50, S, RL, SL, RFW, SFW, and SVI. When 

ANOVA indicated significant differences (P < 0.05), the Scott-Knott test was used to 

discriminate statistically significant treatments.

3 RESULTS

The results of the cumulative germination of A. mearnsii seeds over 13 days are 

displayed in Figure 1. Seeds inoculated with the A. brasilense Ab-V5 and Ab-V6 strains 

generally germinated earlier in comparison to the uninoculated control, regardless of 

seed size. From the fourth day after sowing on, inoculated and uninoculated seeds 

showed marked differences. In this period, the treatments with inoculated small 

seeds (SSI) and inoculated large seeds (LSI) reached 42.6% and 32.0% of germination, 

respectively, while non-inoculated small seeds (SSNI) reached 13.3% and non-
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inoculated large seeds (LSNI) reached 6.6% germination. The maximum germination 

percentage was achieved on the tenth day after sowing in the inoculated treatments, 

while in the uninoculated treatments the maximum germination percentage occurred 

from the twelfth day after sowing.

Figure 1 – Cumulative germination percentage (mean ± standard error) of Acacia mearnsii 

seeds with different sizes and Azospirillum brasilense inoculation during 13 days

Source: Authors (2023)

In where: (SSNI- small seed and non-inoculated; SSI- small seed and inoculated; LSNI – large seeds non-
inoculated; LSI – large seeds inoculated with A. brasilense)

Analysis of variance (ANOVA) results showing the effects of the variation factors 

(seed size, Ab-V5 and Ab-V6 inoculation, and their interactions) on germination 

parameters (Gt, GI, GR, FDG, MGT, T50, and S) are shown in Table 1. Seed size did not 

influence Gt, FDG, and S (p > 0.05). In contrast, seed size significantly influenced MGT 

and T50. Small seeds reduced MGT from 9.5 to 9.0 days (~ 5.2%) in comparison to large 

seeds (Table 2). Regarding T50, the reduction was even more considerable, from 6.3 to 

4.8 days (~ 23.8%).
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Table 1 – Two-way of analysis of variance (ANOVA) on seeds of A. mearnsii

Variation 
Factor

Gt GI GR FDG

DF F value P value F value P value F value P value F value P value

S 1 3.11 0.1158 0.26 0.6250 0.96 0.3569 3.00 0.1215

I 1 12.44 0.0078 27.50 <0.001 33.57 <0.001 8.33 0.0203

S x I 1 4.06 0.0786 1.28 0.2904 2.32 0.1666 0.33 0.5796

Variation 
Factor

MGT T50 S

DF F value P value F value P value F value P value

S 1 11.45 0.0096 7.69 0.0242 0.96 0.3570

I 1 37.75 0.0003 24.49 0.0011 33.57 0.0004

S x I 1 0.28 0.6086 0.68 0.4348 2.32 0.1662

Source: Authors (2023)

In where: S = Seed size; I = inoculation with A. brasilense; DF = degrees of freedom. Data with statistically 
significant differences (P value <0.05) are given in bold; Effects of seed size (S) and A. brasilense inoculation 
(I) and their interactions on total germination (Gt), germination index (GI) germination rate (GR), first 
day of germination (FDG), mean germination time (MGT), time to 50% germination (T50), and speed of 
germination (S).

Concerning the effect of A. brasilense, all germination parameters were affected by 
inoculation. A. brasilense inoculation increased Gt (~ 20.9%), GI (~ 74.7%), GR (~ 88%), and S (~ 
91.8%) in comparison to the uninoculated treatment. Additionally, inoculation accelerated 
germination by reducing FDG (~ 24.2%), MGT (~ 8.2%), and T50 (~ 37.6%) (Table 2).

Table 3 shows the ANOVA results for the seedling development parameters 
RL, SL, RFW, SFW, and SVI. As a general observation, seed size and Ab-V5 and Ab-V6 
inoculation positively influenced the development and vigor of A. mearnsii seedlings. 
Seedlings originating from large seeds exhibited higher values of RL (6.8 cm), SL (4.5 
cm), RFW (5.7 mg plant-1), SFW (47.7 mg plant-1), and SVI (849.6) (Table 4). These values 
surpassed those of seedlings originating from small seeds by 9.8% for RL, 15.3% for SL, 
56.7% for RFW, 30.0% for SFW, and 18.6% for SVI.

In turn, A. brasilense inoculation also affected seedling development parameters, 
increasing RL from 5.5 to 7.5 cm (~ 36.3%), SL from 3.9 to 4.5 cm (~ 15.0%), RFW from 
4.2 to 5.1 mg plant-1 (~ 20.5%), SFW from 38.9 to 43.7 mg plant-1 (~ 12.2%), and SVI 
from 614.4 to 996.2 (62.1%) in comparison to the non-inoculated treatment. Root 
length was affected by the interaction between seed size and inoculation (Table 3 and 
Figures 2 and 3). When comparing the RL of non-inoculated seeds, small and large 
seeds did not differ. In inoculated seeds, large seeds showed higher RL. Inoculation 
increased RL in both seed size classes.
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Table 2 – Mean ± standard error of the effects on seeds of A. mearnsii

Variation Factor
Gt

GI
GR FDG MGT T50

S
% % day-1 days

Seed size

Small 69.3 ± 7.0 a 142.6 ± 21.8 a 15.1 ± 2.6 a 2.6 ± 0.2 a 9.0 ± 0.1 b 4.8 ± 0.6 b 3.7 ± 0.6 a

Large 78.6 ± 3.0 a 135.3 ± 17.0 a 13.5 ± 1.8 a 3.1 ± 0.3 a 9.5 ± 0.2 a 6.3 ± 0.7 a 3.4 ± 0.4 a

Inoculation

Non-inoculated 64.6 ± 5.9 B 101.2 ± 7.6 B 10.0 ± 0.8 B 3.3 ± 0.2 A 9.7 ± 0.1 A 6.9 ± 0.5 A 2.4 ± 0.2 B

Inoculated 83.3 ± 2.6 A 176.8 ± 11.8 A 18.8 ± 1.4 A 2.5 ± 0.2 B 8.9 ± 0.1 B 4.3 ± 0.4 B 4.7 ± 0.3 A

Source: Authors (2023)

In where: Means followed by the same lowercase letter within the columns do not differ significantly from each 
other for seed size, and means followed by the same uppercase letter within the columns do not differ significantly 
from each other by the Scott-Knott test at 5% probability for inoculation with A. brasiliense; A. brasiliense inoculation 
on total germination (Gt), germination index (GI), germination rate (GR), first day of germination (FDG), mean 

germination time (MGT), time to 50% germination (T50), and speed of germination (S).

Tabela 3 – Two-way of analysis of variance (ANOVA) and seedling vigor index (SVI) after 13 

days of germination of A. mearnsii seeds

Variation Factor RL SL RFW SFW SVI

DF F value P value F value P value F value P value F value P value F value P value

S 1 6.76 0.0317 7.85 0.0232 105.32 <0.0001 51.75 0.0001 9.40 0.0154

I 1 70.46 <0.0001 7.50 0.0255 37.75 0.0022 10.15 0.0129 42.98 0.0002

S x I 1 10.39 0.0122 0.06 0.8107 0.28 0.6678 0.73 0.4184 0.41 0.5395

Source: Authors (2023)

In where: Data with statistically significant differences (P value <0.05) are given in bold; Effects of seed size (S), A. 
brasilense inoculation (I) and their interactions on root length (RL), shoot length (SL), root fresh weight (RFW), shoot 

fresh weight (SFW).

Tabela 4 – Mean ± standard error of seed size (S), A. brasilense inoculation on root lengths 
(RL), shoot lengths (SL), root fresh weight (RFW), shoot fresh weight (SFW), and seedling 
vigor index (SVI) after 13 days of germination of A. mearnsii seeds

Variation Factor
RL SL RFW SVI

 cm  mg plant-1 

Seed size

Small 6.2 ± 0.3 b 3,92 ± 0.2 b 3.6 ± 0.2 b 35.9 ± 1.2 b

Large 6.8 ± 0.6 a 4,52 ± 0.2 a 5.7 ± 0.2 a 46.7 ± 1.7 a

Inoculation

Inoculated 5.5 ± 0.1 B 3.9 ± 0.2 B 4.2 ± 0.4 B 38.9 ± 2.4 A

Non-inoculated 7.5 ± 0.3 A 4.5 ± 0.2 A 5.1 ± 0.5 A 43.7 ± 2.8 A

Source: Authors (year)

In where: Means followed by the same lowercase letter within the columns do not differ significantly from each 
other for seed size, and means followed by the same uppercase letter within the columns do not differ significantly 

from each other by the Scott-Knott test at 5 % probability for inoculation with A. brasilense.
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Figure 2 – Root length of early seedlings of Acacia mearnsii after 13 days of germination

Source: Authors (2023)

In where: Capital letters compare size class within each level of the inoculation and lower case compare 
level of inoculation in each seed class. Means with different letters are different according to the Scott‒
Knott test (p< 0.05)

Figure 3 – The general appearance of Acacia mearnsii seedlings with (a) and without (b) 

inoculation with Azospirillum brasilense after 13 days of incubation

Source: Authors (2023)
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4 DISCUSSIONS

Seed size is an important morphological trait that may affect germination 

parameters (Begna et al., 2001) and plant establishment (Mao et al., 2019). The 

current study demonstrated that seed size significantly influenced some A. mearnsii 

germination parameters (MGT and T50). The weight of small seeds was 33.3% lower 

than that of large seeds. Small seeds are expected to germinate precociously (Zhang 

et al., 2014). The improvement in MGT and T50 may correlate with the fact that these 

seeds have higher surface/volume ratio, which increases their ability to absorb water 

and start germination in comparison to larger seeds (Fowler; Bianchetti, 2000). This 

condition thus shortens the germination time of small seeds (Dolan, 1984). Our results 

agree with those reported by Oliveira et al. (2016), who observed that small seeds of 

Acacia mangium had their MGT reduced by 12.5% in comparison to large seeds, given 

that small seeds take less time to absorb water. Therefore, our results highlight the 

need for standardization of seed lots aiming to obtain greater uniformity in seedling 

production since small and large seeds germinate at different times.

In addition to germination time, seed size also affects the morphological 

parameters of plants and seedling vigor and establishment (Kandasamy et al., 2020). In 

this study, we found that large seeds originated seedlings with higher shoot and root 

lengths, higher shoot and root fresh weights, and a higher vigor index than seedlings 

originated from small seeds. This possibly occurred because large seeds have higher 

levels of starch and other reserves that can be allocated to improve the initial growth 

rate, resulting in more vigorous seedlings (Shahi; Vibnuti; Bargali, 2015). Our results 

are similar to those of Alngiemshy et al. (2020), who also found that large seeds of 

faba bean (Vicia faba L.) had higher values of morphological parameters than medium 

and small seeds. In the same sense, Mechergui, Pardos and Jacobs (2021) observed an 

increase in the vigor of Quercus suber L. seedlings in proportion to the increase in seed 

size. Thus, according to the results of the present study, seed size plays a decisive role 

in the vigor of A. mearnsii seedlings.
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Although our results make it clear that seed classification by size is beneficial to 

uniformity in seedling production, this practice is still considered to be very expensive 

and labor consuming for A. mearnsii nurseries, since classification is manual. The seed 

classification yield is estimated to be 79.5 g of classified seed person-1 hour-1 (Tanagro 

S/A, personal communication, 2020). This means that the majority of seedling producers 

are not performing this activity, resulting in uneven seedling batches and making it 

necessary to classify seedlings. Therefore, researchers and nurseries have been trying 

to develop mechanical classifiers seeking to obtain higher operating income.

As previously mentioned, A. brasilense inoculation improved all germination 

parameters, so that inoculated seeds germinated more, quickly and in a shorter period. 

Among the evaluated parameters, GI and GR stood out with an expressive increase after 

inoculation. Both parameters associate germination with speed. While GI associates 

germination percentage with speed, giving maximum weight to seeds germinated 

on the first day and less to those germinated later on, GR expresses the germination 

percentage on each day of a germination period (Kader, 2005). Higher GI values mean 

a higher percentage and rate of germination (Benech Arnold; Fenner; Edwards, 1991), 

and high GR values indicate higher and faster germination (Esechie, 1994).

The significant increase in germination parameters of inoculated seeds may 

correlate with the biosynthesis of bacterial phytohormones. According to the studies 

by Fukami et al. (2017), A. brasilense strains Ab-V5 and Ab-V6 produce indole acetic 

acid (IAA), indole-3-ethanol, indole-3-lactic acid, salicylic acid, and gibberellic acid. 

Likewise, Cassán et al. (2009) observed that the A. brasilense strain Az39 produced 

13.1 µg mL-1 of IAA 0.88 µg mL-1 of zeatin, and 0.39 µg mL-1 of gibberellic acid. 

The authors reported that its inoculation improved the germination of soybean and 

maize seeds. This is because these phytohormones act on specific enzymes involved 

in germination, accelerating this process. The studies by de Souza et al. (2016) and 

Granada et al. (2014) highlight this fact. These authors observed an increase in the 

speed and rate of germination when IAA-producing bacteria were inoculated in white 

clover (Trifolium repens L.), rice (Oryza sativa L.), common bean (Phaseolus vulgaris L.), 

and arugula (Eruca sativa Mill.).
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Our results are similar to those from other studies with Azospirillum inoculation 

in lettuce (Lactuca sativa L.) (Barassi et al., 2006), tomato (Lycopersicon esculentum Mill.) 

(Mangmang; Deaker; Rogers, 2015), and maize (Zea mays L.) (Rozier et al., 2019) seeds. 

The benefits of Azospirillum inoculation in seeds go beyond the increase in germination 

rate since it also reduces seed germination time (Fatemeh et al., 2014). In this sense, 

our results are superior to those obtained in a similar study by São José et al. (2019), 

who observed that inoculation with Bradyrhizbobium sp. in A. mearnsii seeds increased 

germination speed by 8.7%. The higher IAA production by A. brasilense (Tien; Gaskins; 

Hubbell, 1979; Arruda et al., 2013) in comparison to Bradyrhizbobium sp. possibly 

explains the differences in the results. Garcia-Lemos et al. (2020) recently demonstrated 

the effect of IAA on seed germination. The authors observed that inoculation with IAA-

producing Bacillus strains improved the germination of Abies nordmanniana. On the 

other hand, Schlindwein et al. (2008) drew attention to the fact that extremely high IAA 

concentrations negatively affect seedling development. In our case, IAA concentrations 

produced by A. brasilense are evidently beneficial to A. mearnsii germination.

In addition to increasing the germination percentage and reducing the mean 

germination time, A. brasilense inoculation improved all growth parameters of A. 

mearnsii seedlings, notably those related to the roots. As it has been shown since the 

first reports of phytostimulation by A. brasilense, the root is the plant part preferably 

modified by Azospirillum (Bashan; de-Bashan 2010). These reports relate the increase 

in root growth to IAA production (Kolb; Martin, 1985). This is because the auxins 

produced and secreted by A. brasilense, in the rhizosphere or rhizoplane, stimulate 

the activity of the root meristem, as well as the development of lateral roots from the 

pericycle, thus increasing root length and volume (Duca et al., 2014). Similar to our 

results, Schillaci et al. (2021) reported that A. brasilense inoculation in Brachypodium 

distachyon seeds increased root length by 31% in comparison to the uninoculated 

treatment. A similar trend was observed for SVI, a parameter that also significantly 

increased with A. brasilense inoculation. Corroborating our result, Souza et al. (2020) 

observed that A. brasilense inoculation increased the vigor of Cecropia pachystachya 

seedlings by 4-fold.
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Root length (RL) was the only variable affected by the interaction between seed 

size and inoculation. The treatment with large seeds and inoculation (ILS) had the 

highest RL, followed by the treatment with small seeds and inoculation (ISS); both of 

these treatments had higher RL values than the uninoculated treatments (NISS and 

NILSI) (Figure 2). These results reinforce the importance of the inoculation of A. mearnsii 

seeds with A. brasilense. Furthermore, small seeds inoculated with A. brasilense (ISS) 

performed better than large uninoculated seeds (NILS), which shows that A. brasilense 

inoculation seems to be a more important factor in obtaining higher root growth in A. 

mearnsii seedlings than using large seeds. However, large seeds achieved their highest 

root growth when inoculated with A. brasilense. Therefore, to obtain the maximum 

growth of A. mearnsii seedlings, we recommend that nurserymen give preference to 

the use of large and inoculated seeds.

In addition to the effects on germination and seedling vigor, A. brasilense 

inoculation has also shown promising results in improving the soil quality and in 

enhancing the tolerance of plants to biotic and abiotic stresses, which occurs through 

the activation of plant defense mechanisms mediated by the induction of systemic 

resistance. Ramachandran and Radhapriya (2016) observed an improvement in 

soil quality and plant growth of different species of forest trees inoculated with A. 

brasilense, three years after planting, in a degraded forest area. In the same context, 

Tiepo et al. (2018) observed that Cariniana estrellensis and Trema micrantha inoculated 

seedlings showed greater tolerance to drought, while Fukami et al. (2017) observed 

that inoculation with Ab-V5 and Ab-V6 strains in maize induced the expression of genes 

related to stress tolerance and defense against pathogens.

In Brazil, Santos, Nogueira and Hungria (2021) demonstrated that after one 

decade with these two strains (Ab-V5 and Ab-V6) in several grasses and legume crops, 

the Brazilian farmers are receptive to the adoption of new sustainable technologies 

based on microorganisms. Therefore, A. brasilense inoculation in A. mearnsii seeds 

can be a management strategy not only to improve seedling germination and vigor, 
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especially in small seeds, but also to prevent the attack of pathogens in nurseries, with 

possible positive effects on the long-term development of seedlings in the field.

The findings of the present study are of great importance for the different 

A. mearnsii seedling production systems. Seed classification by size proved to be a 

fundamental operation to obtain more homogeneous seedling lots, which can reduce 

the operational cost of later seedling classification by size. Moreover, nursery managers 

should give preference to large seeds, as they result in more vigorous seedlings. 

Finally, our results demonstrate that A. brasilense inoculation is a viable and innovative 

technology that provides several benefits for A. mearnsii production, as it increases 

seedling germination, speed, and vigor.

5 CONCLUSIONS

Our study can be summarized in four key findings: (1) seed size influences seed 

germination time; (2) A. brasilense inoculation influences seed germination dynamics; (3) 

seed size and A. brasilense inoculation influence seedling growth and vigor; and (4) the use 

of large seeds inoculated with A. brasilense increases the length of A. mearnsii seedlings.

Finally, we encourage further studies, in nursery and field conditions, to 

validate our conclusions and understand the extent to which the higher vigor of 

seedlings originating from large seeds inoculated with A. brasilense can improve 

seedling growth in the field and, consequently, the production of wood and bark in 

A. mearnsii plantations.
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