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Abstract
& Key message Despite the fact that the technique of application of bioinoculants improved the quality ofQuercus suber L.
seedlings produced in nurseries, these benefits are dependent on the ecological conditions of the site and the composition
of the applied inoculum, which interferes with the profile of the local fungal community.
& Context Quercus suber L. plays a key ecological and socio-economical role in the Iberian Peninsula. Symbiotic
ectomycorrhizal fungi-ECM are crucial partners of several tree species, and assessing the efficacy of bioinoculants at nursery
stage helps devising tools to increase plant resilience.
& Aims The aim of this study was to compare the effects of two inocula formulations of mixed ECM fungi and bacteria on the
quality of seedlings produced in two forest nurseries, differing in environmental conditions and forest embedment.
& Methods Quercus suber L. seedlings were inoculated with a commercial product containing Pisolithus tinctorius (Pers) Coker
& Couch, Scleroderma sp., and six bacterial species and with a non-commercial fungal and bacterial dual inoculum (Suillus
granulatus (L.) Roussel + Mesorhizobium sp.). Biometric and nutritional parameters and morphological quality indexes were
determined on seedlings. The ECM community was assessed by denaturing gradient gel electrophoresis and cloning-sequencing.
& Results In both nurseries, the seedling quality index in inoculated was up to 2-fold higher than in non-inoculated seedlings.
Plant biomass differed significantly among nurseries. The inoculum influenced the profile of the fungal community. S. granulatus
and P. tinctorius persisted for 6 months in the inoculated seedlings.
& Conclusion The nursery ecosystem influenced plant growth. Inoculation treatments increased plant performance; however, the
dual inoculum resulted in more consistent improvements of Q. suber at nursery stage, highlighting the importance of inocula
selection.

Keywords Ectomycorrhizal fungi . Suillus granulatus . PGPB . Dickson Quality Index . Oak

1 Introduction

Quercus suber L. is the mainstay of multiple-use agroforestry
systems with great socio-economic and environmental value in
the western Mediterranean region. For this reason, the mortality
events that have been affecting this species since the beginning of
the XX century, with an increase during the 1980s (Camilo-
Alves et al. 2013), are a strong reason for concern. The decline
of Q. suber is mainly attributed to diseases and pests (e.g.,
Phytophthora cinnamomi), to a high sensitivity to environmental
factors, namely, drought (Chirino et al. 2008; Trubat et al. 2010;
Costa and Madeira 2011) or a combination of several factors,
including the above (Camilo-Alves et al. 2013). Natural regen-
eration from seed is not always successful, and the survival rate
of transplanted seedlings is often low (Sebastiana et al. 2013).
Under this context, it is of utmost importance to explore the
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potential of the association between Q. suber and beneficial mi-
crobial symbionts which are known to be crucial to the host plant
under unfavorable conditions.

Ectomycorrhizal (ECM) fungi form symbiotic associations
with the majority of forest trees and are crucial for their nutri-
tion and water acquisition (Moeller et al. 2014). They are also
strong competitors against soil-borne root parasites, providing
both mechanical (Frey-Klett et al. 2005) and biochemical
(Cairney and Chambers 2013) protection against pathogens
(Perrin and Garbaye 1983). Their relevance can be seen from
a young age since the success of seedling transplantation has
been pointed out to be strongly related with increased associ-
ation with ECM fungi (Dickie et al. 2002). Thus, in the quest
to improve the quality and field resilience of nursery-produced
Q. suber seedlings, the association with ectomycorrhizal fungi
should be a forefront strategy. However, in nature, trees may
be colonized by multiple species (Trappe 1977; Morris et al.
2008) and much remains to be understood about this associa-
tion (Garcia et al. 2015). The choice of fungal inoculants
seems to be a crucial factor since not all are beneficial to plant
development (Sousa et al. 2012) or persist in the root system
after field transplantation (Franco et al. 2014).

Bacteria are ubiquitous inhabitants of soil, water, and plants
(internal and externally). Some bacteria are known to be bene-
ficial to plants (plant growth-promoting rhizobacteria (PGPR))
through direct mechanisms such as the production of phytohor-
mones or indirect such as biocontrol agents (Ahemad and
Kibret 2014). They also form synergies with ECM fungi
(mycorrhization helper bacteria (MHB)) (Hrynkiewicz and
Baum 2011; Bhattacharyya and Jha 2012; Owen et al. 2014)
by stimulating mycelial extension, increasing root-fungus con-
tact, and reducing the impact of adverse environmental condi-
tions on the mycelium of the mycorrhizal fungi (Frey-Klett
et al. 2007). As such, the combination of ECM fungi and bac-
teria for improved plant quality has great potential in forestry.

Here, we present a study on the inoculation of Q. suber
seedlings with two bio-inoculants, a commercial mix and a
non-commercial inoculum produced in our laboratories. The
commercial product, PHC Ecto-Injectable Pt. (Plant Health
Care), contained a blend of two fungal symbionts often
found in Q. suber ecosystems, Pisolithus tinctorius (Pers)
Coker & Couch and Scleroderma sp. (Azul et al. 2010), as
well as six beneficial rhizosphere bacterial species belonging
to the Bacillus and Streptomyces genera. The non-
commercial product consisted in two indigenous microor-
ganisms from northern Portugal, Suillus granulatus (L.)
Roussel and Mesorhizobium sp. S. granulatus was chosen
for its mycorrhization skills, whereas the bacterium,
Mesorhizobium sp., was selected based on its potential as
PGPR (Pereira et al. 2014). The objective was thus to com-
pare the effects of the two bio-inoculants in seedling devel-
opment after 9-month cultivation at the nursery, using pro-
cedures that could easily be adopted by a nursery. Moreover,

to evaluate the performance consistency of the inocula under
different conditions, the assays were conducted in two forest
nurseries located in Amarante and Buçaco.

2 Material and methods

2.1 Inoculation of Q. suber seedlings

Two bio-inoculants were tested, a commercial inoculum, PHC
Ecto-Injectable (Plant Health Care), and one produced at ESB-
UCP. The commercial product contained a blend of two
ectomycorrhizal fungi, Pisolithus tinctorius and Scleroderma
sp., and six beneficial rhizosphere bacterial species belonging
to the Bacillus and Streptomyces genera. The ESB-UCP inocu-
lum consisted in two microorganisms, S. granulatus (Sgran01)
andMesorhizobium sp. (isolate 3A12). S. granulatuswas isolat-
ed from a fruitbody collected in Macedo de Cavaleiros and was
chosen for its good mycorrhization skills shown on preliminary
mycorrhization studies conductedwithQ. suber.Mesorhizobium
sp. was isolated from soil collected in Estarreja and was chosen
for its plant-growth promoting potential, namely, its ability to
produce substances such as indole-acetic acid, siderophores,
and 1-aminocyclopropane-1-carboxylate (ACC) deaminase
(Pereira et al. 2014).

The inoculation with the ESB-UCP inoculum, hereafter
referred to as SgB, consisted in applying 5 ml of a mycelial
suspension of S. granulatus (ca. 170 mg of fresh weight) and
5 ml of the Mesorhizobium sp. suspension close to the root
system of 1-month-oldQ. suber seedlings. The fungal suspen-
sion was prepared immediately before application by blending
fungal mycelium, which had been grown for 3 weeks on
MMN medium, into steri le deionized water. The
Mesorhizobium sp. suspension was obtained as described in
Sousa et al. (2015). Briefly, the inoculum was obtained by
growing a pure culture in TSB (150 rpm, 28 °C) until it
reached an OD of 0.8 (108 CFU/ml). The suspension was then
centrifuged for 20 min at 8000 rpm and washed three times
with saline solution (0.85% NaCl) before being resuspended
in saline solution. The commercial product, hereafter referred
to as Mix, was prepared according with the manufacturer’s
instructions, and 5 ml was applied close to the root system
of 1-month-oldQ. suber seedlings. A control comprising non-
inoculated seedlings was also established.

2.2 Greenhouse experimental design

The inoculation treatments Control, SgB, and Mix were cul-
tivated in trays with 250-cm3 cells in two forest nurseries,
Amarante (41° 16′ 42.10″ N, 8° 03′ 59.89″ W) and Buçaco
(40° 22′ 33.92″ N, 8° 51′ 49.93″ W), northern Portugal, be-
tween April and October 2014. The substrate consisted in a
mixture of peat (NPK 0.8 g/l) and perlite (5:1). The same
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substrate was used in both nurseries and no additional fertili-
zation was carried out. The substrate was not autoclaved since
this work had a very practical approach, and the use of sterile
substrate would not be economically feasible for commercial
forest nurseries. In each nursery, seeds were germinated in
trays of 250-cm3 cells, inside a greenhouse where temperature
ranged from 10 to 25 °C and relative humidity from 50 to
80%. Twoweeks after germination, seedlings were transferred
to the outside, and were covered by a shade cloth, where they
remained until the end of the experiment. Seedlings were vi-
sually inspected for contaminants before inoculation. One-
hundred replicates per inoculation treatment were performed.
Plants were watered by microsprinklers with a frequency ad-
justed to the environmental conditions. Seeds used in both
nurseries were of the same provenance, Alcácer do Sal, and
were certified by Centro Nacional de Sementes Florestais
(CENASEF).

2.3 Plant sampling and analysis

After 6 months, a subsample of 20 plants from each treatment
(a total of 60 from each nursery) was randomly selected, care-
fully removed from the trays, and transported to the laboratory
where shoot height, root length, and stem diameter were mea-
sured and the fresh weight of shoots and roots were deter-
mined. Shoot height and root length were measured with a
ruler and stem diameter with a pachymeter. The root system
was carefully washed to remove adhering substrate, and the
percentage of mycorrhization was calculated according to the
method described in Brundrett et al. (1996). Six plants per
inoculation treatment were evaluated using a stereomicro-
scope (SZ30, Olympus, Japan). ECM root tips were collected
for molecular studies. Shoots and roots were dried at 70 °C for
48 h. After weighted, the samples were ground, digested ac-
cording to Novozamsky et al. (1983), and the concentration of
nitrogen (N) and phosphorus (P) in the shoots and roots de-
termined by colorimetry (Unicam, Helios Gamma,
Cambridge, UK) (Walinga et al. 1989).

2.4 Morphological indexes and nutrient use efficiency

Seedling quality indexes are considered to be good indi-
cators of field performance and resistance (Ahmadloo
et al. 2012). Using the biometric data, the slenderness
quotient (SQ) (Thompson 1985), the Dickson Quality
Index (DQI) (Dickson et al. 1960), and total dry biomass
increment (BI) (Dhindwal et al. 1991) were determined
using Eqs. (1), (2), and (3). From the total nitrogen (N)
and phosphorus (P) contents, N and P use efficiency,
NUE, and PUE (g2 mg−1) were determined according to
Siddiqi and Glass (1981) (Eq. 4).

SQ ¼ height cm½ �=diameter mm½ �
�

ð1Þ

DQI ¼ shoot dry mass g½ � þ root dry mass g½ �= SQð Þ
þ shoot dry mass g½ �=root dry mass g½ �ð Þ ð2Þ

BI %ð Þ ¼ total dry mass−total dry mass control=total dry mass control

� 100

ð3Þ

NUE ¼ total drymassð Þ2= total plant nutrient contentð Þ
h i� �

ð4Þ

2.5 Fungal community established

Ectomycorrhizal root tips were extracted from each in-
oculation treatment and maintained frozen (− 20 °C), in
2× cetyltrimethyl bromide-ammonium (CTAB) until
analysis. The root tips from each treatment were assem-
bled together (ca. 150 root tips per treatment). They
were selected from six plants, 25 tips per plant, taking
into consideration the different morphotypes found and
the DNA extracted by grinding the samples with liquid
N and subsequently using the Power Soil DNA Isolation
Kit (MoBio Laboratories). The PCR amplification of the
internal transcribed spacer (ITS) region of ribosomal
DNA was performed by nested PCR (Sousa et al.
2012). The nested PCR was made using ITS1F-GC
and ITS2 primers. Denaturing gradient gel electrophore-
sis (DGGE) was performed on a DCodeTM Universal
Mutation Detection System (Bio-Rad Laboratories,
Hercules, CA, USA). Samples containing approximately
800 ng of nested-PCR amplicons were run for 16 h at
60 °C, in a 8% (w/v) polyacrylamide gel (37.5:1, acryl-
amide/bis-acrylamide) using a denaturing gradient rang-
ing from 20 to 60% at 80 V (Sousa et al. 2015).

To identify the predominant ECM species present in
the two nurseries, analyses of molecular cloning of rel-
evant samples were performed according to Sousa et al.
(2014). Briefly, the purified PCR fragment was ligated
into the vector pNZY28 of NZY-A PCR cloning kit
(Nzytech). Eleven white colonies from each inoculation
treatment were amplified using vector primers M13-
PUC forward and reverse (Stab-Vida, Portugal).
Screening of the clone library was assessed by restric-
tion fragment length polymorphism (RFLP) analysis
using the restriction enzymes Taq I and Hinf I
(Bioron). PCR products of clones revealing different
profiles were purified (PCR and Gel Band Purification
Kit, GRISP, Portugal) and sequenced (Stab-Vida,
Portugal). The operational taxonomic units (OTUs) were
defined using Bioedit software (Hall 1999), considering
a 97% sequence similarity threshold. For each OTU, the
ITS sequence was analyzed for similarity with other
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sequences in BLASTn through the NCBI database, to
determine the closest sequence identity.

The Bands generated by DGGE were analyzed
through the program BioNumerics (BioNumerics version
6.6, Applied Mathematics, Belgium). The DGGE pro-
files were compared against a DGGE reference marker
made with the formerly identified clones. The results
were represented as a cluster diagram using unweighted
pair-group method with arithmetic average (UPGMA)
method and Jaccard coefficient.

2.6 Statistical analyses

The obtained data were tested for normality and homogeneity
of the variances. ECM percentages were square root trans-
formed. A two-way ANOVAwas performed for each depen-
dent variable versus the independent variables inoculation
(Control, SgB, and Mix) and nursery (Amarante and
Buçaco). In Amarante, from April to October, the maximum
temperature varied from 22 to 31 °C, while in Buçaco, it was
between 23 and 25 °C. The relative atmospheric humidity
registered in this period was between 43 to 98% in
Amarante and 44 to 91% in Buçaco. Given that strong inter-
actions among factors were observed, a one-way ANOVAwas
then conducted for each dependent variable versus the inde-
pendent variables (inoculations). When the F value was sig-
nificant (P < 0.05), the Tukey’s multiple range test was used to
detect differences between inoculation treatments within each
nursery and Student’s t test to differences between nurseries
for each inoculation treatment. In order to detect underlying
patterns on the influence that the independent variables (nurs-
ery and/or inoculation treatment) may have on plant growth,
the data on height, root length, diameter, and shoot and root
dry mass were used to perform a principal component analysis
(PCA) conducted with varimax rotation. The Kaiser-Meyer-
Olkin measurement verified the sample adequacy for analysis
(KMO =0.770) and Bartlett’s sphericity test (chi-square with
P < 0.001). These analyses were performed using the SPSS
17.0 software package (SPSS Inc., Chicago, IL, USA).

2.7 Data availability

This manuscript has no associated data or data archiving is not
mandated

3 Results

3.1 Plant growth

In both nurseries, inoculation had an overall positive
effect on plant development. In Amarante, the shoot
height of seedlings inoculated with SgB was 1.1- and

1.5-fold higher than the Mix and Control treatments,
respectively, while in Buçaco, a 1.2-fold increase was
observed. The dual inoculum SgB excelled among inoc-
ulation treatments in Buçaco, showing higher average
values for almost all growth parameters, namely, shoot
dry mass, root dry mass, and stem diameter, with an
increase of 1.29-, 1.35-, and 1.16-fold compared to the
Mix, and a 1.52-, 1.58-, and 1.26-fold compared to the
Control (P < 0.05). In Amarante, SgB and Mix per-
formed similarly, with inoculated plants showing superi-
or performance than the control for most growth param-
eters (Fig. 1). Seedlings with the same inoculation treat-
ment performed differently in each nursery for the ma-
jority of the parameters studied, except for stem diame-
ter (SgB) and root dry mass (SgB and Control), where
no difference was observed between Amarante and
Bucaco (P > 0.05) (Table 1) (Fig. 1).

3.2 Morphological indices

The DQI presented values above 0.2 for all treatments.
In Amarante, the Mix treatment presented significantly
higher values than the SgB and Control, but in Buçaco,
SgB led to higher average values that significantly dif-
fered from non-inoculated and from seedlings inoculated
with Mix. Between nurseries, control and Mix of
Buçaco showed a statistically significant lower average
values than what was found in the nursery of Amarante
(Table 2).

The Slenderness Quotient (SQ), which evaluates
shoot development, was significantly greater in seed-
lings inoculated with SgB in Amarante (P < 0.05),
whereas in Buçaco, no significant difference between
inoculation treatments occurred. Moreover, all inocula-
tion treatments differed statistically between nurseries
(Table 2).

Inoculated seedlings had a higher dry biomass than the
Control; however, the total dry biomass increment was not
significantly different between the SgB and Mix treatments
in both nurseries (Table 2).

3.3 Nitrogen and phosphorus

Larger PUE and NUE were detected in inoculated ver-
sus non-inoculated seedlings (Fig. 2e, f). However,
seedlings inoculated with SgB were superior in the
two nurseries, with values 2.4- and 1.8-fold higher for
NUE than the control and Mix treatment, respectively
(P < 0.05). For PUE, in Amarante, seedlings inoculated
with SgB were 2.8-fold higher than Control (Fig. 2e). In
Buçaco, the SgB treatment presented PUE values 2.5-
and 2.6-fold higher than control and Mix, respectively
(P < 0.05). Between nurseries, only the control plants
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Fig. 1 Biometric traits of seedlings of Q. suber inoculated with
S. granulatus + Mesorhizobium sp., commercial Mix and non-
inoculated. Each bar represents the mean with 95% confidence interval.
For each nursery, different letters indicate significant differences

according to Tukey’s multiple range test at P < 0.05. Asterisks mean
differences between nurseries for a given inoculation treatment by
Student’s t test at P < 0.05. N = 120

Table 1 F-statistics of two-way ANOVA on the effects of inoculation (Control, SgB, Mix) and nursery (Amarante and Buçaco) for the dependent
variables studied shoot height (SH), root length (RL), shoot and root dry mass (SDM, RDM), stem diameter (D), % mycorrhizal colonization (ECM),
Dickson Quality Index (DQI), Slenderness Quotient (SQ), efficiency of N use (NUE), and P (PUE)

Source of variation SH RL SDM RDM D ECM (%) DQI SQ NUE PUE

Inoculation 49.41*** 2.33(NS) 6.93** 10.95*** 13.47*** 0.44 (NS) 15.16*** 38.15*** 10.18*** 9.63**

Nursery 281.0* 194.2*** 54.47*** 7.07* 33.82*** 23.0*** 11.29** 0.004(NS) 6.45* 3.78(NS)

Inoculation and nursery 16.50* 4.11* 6.91** 1.78 (NS) 3.23* 3.7* 7.49** 42.4*** 0.23(NS) 0.48(NS)

N = 20 (*Significant at P < 0.05, **significant at P < 0.01, ***significant at P < 0.001)
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differed in the NUE, with those in Amarante being
1.57-fold higher than in Buçaco (Fig. 2f). The high
concentrations of P and N in the control plants (Fig.
2a–d) did not translate into increased biomass (Fig. 1).

3.4 ECM community analysis

In Buçaco, Control plants showed a significantly higher
mycorrhization percentage than in Amarante, with a 5-
fold difference. From the plants inoculated, only the
Mix showed an ECM percentage higher than the
Control, with a 3.12-fold increase in Amarante
(Fig. 3a). The ECM percentage with SgB, although
higher in Buçaco, had no statistical difference from
SgB in Amarante, and the ability of plants inoculated
with Mix to mycorrhize was also similar in both nurs-
eries (Fig. 3a). Dendrogram of similarity resulting from
the DGGE banding profiles (Fig. 3b) clearly showed
two differentiated clusters (35.86 ± 3.2% of similarity).
Samples from each nursery grouped together in each
main cluster, showing that the ECM fungal community
installed in each nursery was different; however, accord-
ing to the value of the cophenetic correlation coefficient
(0.64), the grouping of the samples in separate clusters
was not very robust. In Buçaco, the sub-cluster com-
posed by SgB and Mix presented about 55.56% ± 0.0
of similarity (0.68 cophenetic correlation coefficient)
and shared ca. 40% of similarity with its Control.
Interestingly, SgB and Mix samples from the nursery
in Amarante shared an even lower degree of similarity
(< 42% of similarity, 0.83 cophenetic correlation coeffi-
cient) (Fig. 3b).

3.4.1 ITS clone library analysis

Seven fungal OTUs (GenBank) belonging to phylum
Basidiomycota and Ascomycota were identified.

S. granulatus used in the dual inoculum persisted in the
root system of inoculated seedlings (Table 3). From the
two fungi indicated as present in the commercial inocu-
lum, only P. tinctorius was found in the root system after
9 months. Pezizales and Tomentella genera were present in
five of the six inoculation treatments. A species from the
Hypocreales order was found in the Mix and control in
Buçaco (Table 3).

3.5 Plant development × nursery × inoculation
treatment

According to the analysis of principal components, two
components were extracted explaining 87.10% of the var-
iation of the data. Component 1 is represented by biomass
(shoot and root dry mass, diameter) and component 2 by
vertical growth (shoot height and root length). The sepa-
ration between nurseries is due mostly to the higher bio-
mass in the Amarante plants (Fig. 4a). Among inoculation
variables, it is observed that the inoculated plants of
Amarante tend to disperse from the first to the fourth
quadrant, whereas control is characterized by lower verti-
cal growth. In Buçaco, there is a lower variance in plant
growth, with the Control followed by the mix in the third
quadrant, represented by lower biomass and height, while
SgB inoculation treatment presents higher vertical growth.
When the data are plotted per ECM percentage, the sepa-
ration between the nurseries becomes more marked, and
the plants with the highest percentage of colonization are
those with the lower biomass represented in the third
quadrant (Fig. 4b).

4 Discussion

Overall, the mixed and dual inoculation treatments promoted
the growth of Q. suber at nursery stage. However, the

Table 2 Dickson Quality Index
(g cm−1 mm−1), Slenderness
Quotient (cm mm−1), and total
dry biomass increment (%)

Control SGB Mix F

Amarante

Dickson Quality Index 1.48 ± 0.14 a* 1.64 ± 0.10 ab 2.07 ± 0.18 b* 4.36

Slenderness Quotient 4.70 ± 0.14 a* 6.35 ± 0.24 c* 5.72 ± 0.18b* 29.84

Biomass increment (%) – 61.47 ± 20.72 a 59.87 ± 14.54 a 0.004

Buçaco

Dickson Quality Index 0.85 ± 0.09 a* 1.86 ± 0.07 1.46 ± 0.10 b* 27.70

Slenderness Quotient 4.17 ± 0.16 a* 4.12 ± 0.11 a* 3.97 ± 0.18 a* 45.91

Biomass increment (%) – 62.41 ± 18.43 a 38.57 ± 12.98 a 1.05

Different letters differed significantly according to Tukey’s multiple range test at P < 0.05 or Student’s t test at
P < 0.05 (biomass increment). Asterisks mean differences between nurseries for a given inoculation treatment by
Student’s t test at P < 0.05. N = 120
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treatment SgB, composed of indigenous symbionts, was more
consistent as it promoted plant growth in both nurseries,
whereas the Mix was not effective in Buçaco. Seedlings
grown in Amarante showed higher absolute values for most
of the biometric parameters compared to Buçaco. Given that
seed, substrate, and irrigation systemwere the same in the two

nurseries and no visible symptoms of disease was detected in
the plants, this difference can only be attributed to the different
environmental conditions, such as temperature, humidity and
light exposure, the quality of the irrigation water, and/or the
pre-existing ECM community, which differed between nurs-
eries; moreover, the effect of inoculation in the two nurseries

Fig. 2 Concentrations of P and N in shoot (a, b) and root (c, d) and efficiency of P (e) and N (f) use. For each nursery, different letters indicate significant
differences according to Tukey’s multiple range test at P < 0.05. Each bar represents the mean ± S.E. N = 36
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was different as indicated by the significant interaction be-
tween the inoculation treatment and the specific nursery for
the majority of biometric traits.

According to Quoreshi and Khasa (2008), the mycorrhizal
inoculation may not have a direct impact on plant nutrient
concentration, but the symbiosis increases the efficiency of

plant in the conversion of absorbed nutrients into biomass,
decreasing the concentration in the tissue due to the effect of
dilution by the vegetal growth (Taub and Wang 2008). The
present study corroborates this, as it is observed that plants
inoculated with SgB in Amarante simultaneously had the best
performance and the lowest N and P root concentration.

Fig. 3 Percentage of ECM fungal colonization (%ECM) (a). Each bar
represents the mean ± S.E. For each nursery, different letters indicate
significant differences according to Tukey’s multiple range test at
P < 0.05. N = 36. Asterisks mean differences between nurseries for a
given inoculation treatment by Student’s t test at P < 0.05. Dendrogram
from UPGMA cluster analysis based on the Jaccard coefficient of ITS
DGGE patterns of the DNAof fungal communities frommycorrhizal root

tips of Quercus suber seedlings non-inoculated (Control) and inoculated
with dual inoculum (SgB) andMix commercial inoculum (Mix), growing
in two different nurseries, Amarante and Buçaco (b). The scale bar
indicates the percentage of similarity. Numbers at nodes represent the
cophenetic correlation coefficient values, which estimate the
consistency of each sub-cluster. Gray bars at each node correspond to
the standard deviation of values in that region of the similarity matrix

Table 3 Ectomycorrhizal fungal species detected in inoculated and non-inoculated plants of Amarante and Buçaco nurseries

Blastn closest match
(NCBI/BLAST accession
number)

Specie Order Phylum Similarity (%) ECM fungal presence

Amarante Buçaco

Control SgB Mix Control SgB Mix

Pisolithus tinctorius
18S rRNA HE578142.1

P. tinctorius Boletales Basidiomycota 100 x x

Tomentella clone VT135
HM487022.1

Tomentella sp. Thelephorales Basidiomycota 99 x x x x

Pezizales clone P1 EF484935.1 Pezizales sp. Pezizales Ascomycota 99 x x x x x

Cylindrocarpon pauciseptatum
JF735305.1

C. pauciseptatum Hypocreales Ascomycota 98 x x

Thelephoraceae clone
P1 HM487022.1

Thelephora sp. Thelephorales Basidiomycota 99 x x x x

Laccaria proxima voucher
DQ414726.1

L. próxima Agaricales Basidiomycota 100 x x x x

Hebeloma sp. EF564172.1 Hebeloma sp Agaricales Basidiomycota 100 x x x

Thelephora terrestris
JQ712012.1

T. terrestris. Thelephorales Basidiomycota 99 x x x x

Suillus granulatus clone
NS215 DQ068968.1

S. granulatus Boletales Basidiomycota 99 x x

Based on cloning data, N = 11
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Results presented here showed that in the Buçaco, the inocu-
lum SgB increased the NUE and PUE in the seedlings when
compared to Control and Mix.

S. granulatus and P. tinctorius persisted in the root system
of inoculated plants, proving to be competitive against nursery
contaminant species. It is, however, important to highlight that
competitiveness in nursery conditions does not warrant com-
petitiveness in the field against soil-borne forest species.
However, such persistence is a desirable characteristic since
it brings the advantage of maintaining a mycorrhizal associa-
tion with a confirmed beneficial effect to the plant (Franco
et al. 2014). Bacteria, however, often do not engage such a
long-lasting relationship with the host plant. Indeed, several
studies have highlighted the frequent inability of PGPB to
persist in the root system (Khan et al. 2007; Mosimann et al.
2016) or to maintain the population at a high concentration
weeks after inoculation (Teaumroong et al. 2009). Bacterial
persistence was not addressed as it would require a time
course approach rather than a snapshot sampling at the end
of the experiment, which was not within the scope of the
present work.

The formation of mycorrhizae in the non-inoculated seed-
lings was particularly high in Buçaco, with levels of
mycorrhization similar to that of the inoculated seedlings,
most likely due to the fact that the Buçaco nursery is embed-
ded in a forest. Despite the similar levels of mycorrhization,
the quality of the SgB inoculated seedlings was 2.18-fold
higher than the quality of the non-inoculated seedlings
(Dickinson quality index). This is most likely because differ-
ent ECM species or even strains have a different impact on
plant performance (Sousa et al. 2012; Oliveira et al. 2012),

highlighting the relevance of screening for strains that can
become good allies for the host trees, to be used in commercial
forest nurseries. Nevertheless, the lack of relationship between
plant development and mycorrhizal percentage could also be
the consequence of a dominant effect of the inoculated bacte-
ria acting as plant growth promoter and/or a reflexion of dif-
ferent colonization rates by the introduced species (e.g., if
S. granulatus colonized more extensively the root system than
P. tinctorius in Buçaco nursery), and these possibilities have
also to be considered. Although the latter hypothesis, regard-
ing the relative percentage of mycorrhization by each species,
can be deepened through morphotyping and sequencing of
individual root tips, the process is time consuming and prone
to human error, and for those reasons, it was not conducted in
the present work. The benefit of using bio-inoculants is to give
the selected ECM fungi the first-mover advantage. Kennedy
et al. (2009) showed that the difference in the timing of colo-
nization is one of the key factors determining the outcome of
mycorrhizal competition, with the first colonizers having a
strong advantage. In the present study, the performance of
inoculated seedlings surpassed that of control plants in both
nurseries. Despite the difference in plant growth between
Amarante and Buçaco, it is perceived that the advantage of
the inoculum would be related to the specificity of the com-
posing species or even to the interaction of these inoculated
species with the soil-borne forest species. In Buçaco, where a
greater diversity of other species was recorded in the mix and
in the non-inoculated control, the inoculum SgB was more
effective in promoting plant growth.

As well as fungi, bacteria strains also differ in their perfor-
mance on host plants. They can also act on the development of

Fig. 4 Principal component analysis, performed by diameter (D), shoot
and root dry mass (RDM and SDM), Shoot height (SH), and root length
(RL) variables for inoculation in the two nurseries (a) and distribution by

percentage of ectomycorrhizas (b). Component 1 (71%); component 2
(15.9%). The arrows are the vectors, the points are scores, and the
numbers in b are the %ECM
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mycorrhizal fungi, by modification of the rhizosphere, medi-
ation of the root-fungus process, stimulation of the germina-
tion of fungal propagules, and especially enhancement of fun-
gal growth (Dunstan et al . 1998). The abili ty of
Mesorhizobium sp. (isolate 3A12) to act as MHB was evalu-
ated in co-inoculation with Paxillus involutus (Batsch) Fr.,
which resulted in an increase in the percentage of ECM of
Betula pubescens Ehrh (Sousa et al. 2015). Also, it is known
that the bacterial concentration may affect the mycorrhizal
establishment. Aspray et al. (2006) observed that
Paenibacillus sp. and Burkholderia sp. produced contrasting
effects on mycorrhiza formation when inoculated at different
doses. In this study, despite the different bacterial concentra-
tion present in the SgB (108 CFU/ml) and Mix (105 CFU/ml)
inocula applied, there was no statistical difference in the per-
centage of mycorrhizal infection. Nevertheless, it can be in-
ferred that in Buçaco, the synergy between S. granulatus +
Mesorhizobium sp. promoted a higher quality of the inoculat-
ed seedlings, as shown by the Dickson Quality Index.

The Dickson Quality Index is an important indicator of the
quality of the seedlings to be transplanted to the field and has
been used in several studies (Ritchie 1984; Hunt 1990;
Ahmadloo et al. 2012; Trubat et al. 2010; Oliet et al. 2009).
The highest values were recorded for the Mix (2.07) in
Amarante and the SgB (1.86) in Buçaco, and these are within
the range of those reported by Chirino et al. (2008), for 1-year-
old seedlings of Q. suber.

The values obtained for the slenderness quotient are within
the recommended range (lower than 10 is the recommended
standard by Birchler et al. (1998)). In this study, the values
were in the range of 3.97 (Mix of Buçaco) and 6.35 (SgB of
Amarante). Chirino et al. (2008) obtained, for seedlings of
Q. suber, SQ between 7.12 and 7.18. Oliet et al. (2005) found
values between 6.4 and 9.3 for 1-year-old seedlings of Acacia
salicina. These values seem to vary according to the specific-
ity of the species and the site conditions, which has been
corroborated by the present study, where the seedlings with
the same age and under the same nursery practices, presented
significant differences among nurseries; for example, in the
case of SgB, the Amarante seedlings were 1.54-fold more
robust than in Buçaco.

The nurseries had a great influence on the variation of
biometric parameters, whereas the type of inoculation treat-
ment also influenced the nutritional parameters; based on the
PCA, made with two components formed from the growth
variables, it is clear that plant biomass differed significantly
among nurseries. There is a wide range of environmental fac-
tors that may account for the different plant development and
inoculum efficacy among nurseries, from abiotic (tempera-
ture, humidity, solar radiation) and biotic (competition or syn-
ergy with resident fungal and bacterial species). According to
Dalong et al. (2011), some species are more ecologically
adapted to certain locations than others and to obtain

maximum benefit from the mycorrhizal association seedlings
should be inoculated with fungal symbionts specific to the
host and adapted to the environmental conditions of the site.
This is particularly important since the nursery environment is
abundant in fungal propagules and other microorganisms,
which are often aggressive, and only the use of tuned and
efficient inoculants can overcome such competition. In the
present study, we compared a dual inoculum with a mixture
of two fungus and six bacteria. The industrial segment cur-
rently has a clear focus on usingmicrobial mixtures, and there-
fore, it is important to test their efficacy as they are presented
commercially. However, using that approach, it is not possible
to ascertain whether the effect observed on seedlings is due to
bacteria alone, ECM fungus alone, or their combination, as it
happened in the present work.

Although this knowledge would be desirable from a scien-
tific and economic point of view, in vitro testing of the fungal-
bacteria synergy has proven not to be a reliable indicator of
their behavior in the presence of the host plant (Rincón et al.
2005), and given that testing all possible microbial combina-
tions is not feasible in practical terms, upstream experiments
are required to select the most promising inocula that consis-
tently deliver good performance under different scenarios. In
the present work, S. granulatus andMesorhizobium sp., which
were chosen for their individual characteristics, have proven
to be a promising inoculum for Q. suber, and future work will
deepen the role of each microorganism in this partnership.

The replacement of chemical fertilizers by mycorrhizal
fungi in the production of containerized seedlings is crucial
towards a sustainable environment. While spores may be eas-
ier to manage commercially, given their extended shelf life
and resistance to a large spectrum of environmental condi-
tions, the use of mycelium has several advantages such as a
quicker colonization (representing an advantage over compet-
ing fungi) and, most importantly, the possibility to use a spe-
cific strain, whereas spores introduce genetic variability.
Despite the body of knowledge that exists on the use of mi-
crobial inoculants, these products have not yet successfully
penetrated the market (Lesueur et al. 2016). Inconsistent re-
sults in the field and the discrepancy found between laborato-
ry, nursery, and field studies are some of the reasons that
account for this failure (Malusá et al. 2012). There is the need
to select specific ECM strains for specific host trees and envi-
ronments, and it is also important to develop efficient formu-
lations for inocula delivery that ensures market sustainability
(i.e., low cost, extended shelf life, storage at room tempera-
ture) without compromising product efficiency.

5 Conclusion

The seedlings inoculated with the dual inoculum (S. granulatus
+ Mesorhizobium sp.) showed better results regarding growth
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and plant quality and the fungus persisted in the root system.
The different results recorded in Amarante and Buçaco nurser-
ies demonstrated the influence of the environmental conditions
on the development of inoculated seedlings, which can increase
or decrease the inoculum efficiency. Performance in field trials
will be of paramount importance for the confirmation of the
potential of nursery inoculation of Q. suber.
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