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Abstract

Background and aims We aimed to investigate the ef-
fects of root carboxylate exudation in the interaction
between Azospirillum brasilense and Zea mays. We
hypothesized that root carboxylate exudation is a mech-
anism that increases colonization of the maize rhizo-
sphere by A. brasilense and that carboxylate exudation
would increase at a low soil phosphorus (P) availability.
Methods We conducted a greenhouse experiment, using
maize seeds inoculated and uninoculated with
A. brasiliense. Seeds were planted in pots, supplied with
nutrient solution, varying in P concentration. After 45 days
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we measured total plant biomass, root length and area, plant
nutrient status, and the root carboxylate-exudation rate.
Results Inoculation increased the root length and area,
and this effect increased with increasing P supply.
Inoculated plants also showed an increased root
carboxylate-exudation rate. For inoculated treatments,
the exudation rate was positively correlated with root
architecture parameters; however, it was negatively cor-
related with leaf manganese concentration, a proxy for
the amount of carboxylates in the rhizosphere.
Conclusion Inoculation of A. brasilense stimulated root
carboxylate exudation, which was positively correlated
with root length and area. These positive correlations are
probably mediated by the effect of carboxylates on the
rhizosphere microbial community. This indicates a positive
feedback in which A. brasilense inoculation stimulates root
carboxylate exudation, influencing the rhizosphere micro-
bial community. It results in positive effects on maize root
architecture. The root length of inoculated plants was
positively correlated with P supply, indicating that P supply
positively affects the microbial community, modulating the
interaction between A. brasilense and Z. mays.

Keywords Carboxylates - Leaf manganese
concentration - Mutualism - Phosphorus - Plant growth-
promoting rhizobacteria

Introduction

Continuous development of innovative agricultural
techniques is essential to improve the efficiency and
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sustainability of food production, and to increase food
availability and accessibility. The current agricultural
model is based on the application of large amounts of
chemical fertilizers, resulting in an increased use of
resources (World Bank 2014), causing serious environ-
mental changes (Tilman 1999). In tropical regions, the
use of phosphorus (P) is especially problematic; due to
soils with low P availability, large amounts of exoge-
nous P are needed to maintain high crop yields
(Johnston et al. 2014; Roy et al. 2016). In this scenario,
the use of free-living plant growth-promoting bacteria
(PGPBs) has been proposed to enhance the efficiency of
fertilizers, using less resources for the same crop yield
which would positively impact food production
(Cordell et al. 2009).

PGPBs are plant-associated microorganisms that in-
habit the roots or rhizosphere, and positively affect their
host (Bashan and Holguin 1997; Compant et al. 2010).
These bacteria have multiple attributes that may benefit
host plants: they may suppress populations of phyto-
pathogenic soil microorganisms, fix atmospheric nitro-
gen (N), secrete phytohormones (such as auxins, cyto-
kinins and gibberellins), or break down soil pollutants
(Steenhoudt and Vanderleyden 2000; Bais et al. 2004;
Ryu et al. 2004; Lugtenberg and Kamilova 2009; Thuita
et al. 2012). A well-studied PGPB is Azospirillum
brasilense, a diazotrophic bacterium that can interact
with crop species like maize (Zea mays L.), sorghum
(Sorgum spp.), and wheat (Triticum spp.; Dobbelaere
et al. 2001). The mode of action of A. brasilense is
commonly attributed to its ability to produce phytohor-
mones, like indole-3-acetic acid (Spaepen et al. 2007,
Fibach-Paldi et al. 2012) and gibberellins (Bottini et al.
2004), which modify root architecture and development
(Kapulnik et al. 1985); its N-fixing capacity (Steenhoudt
and Vanderleyden 2000); and its ability to release
gluconic acid, which has been shown to solubilize
sparingly-available calcium phosphates in vitro
(Rodriguez et al. 2004). Generally, the interaction be-
tween A. brasilense and crop species results in an in-
creased growth and yield of the plants; however, due to
inconsistency of the results, the commercial application
of this inoculant is not common (Dobbelaere et al. 2001).

We propose that the inconsistencies observed are
related to unidentified factors that affect the interaction
between A. brasilense and crop plants. Specifically, we
investigated the role of soil P as a controlling factor. We
focus on P, because this nutrient suppresses root carbox-
ylate exudation (Neumann and Rémheld 1999),
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whereas in soils with low P availability the exudation
of carboxylates by roots is stimulated. These exudates
may act as precursors for microbe-derived phytohor-
mones (Bais et al. 2006), and as a source of carbon (C)
and energy for microorganisms (Haichar et al. 2008),
stimulating their proliferation in the rhizosphere (Bais
etal. 2006). Therefore, we expect that in soils with a low
P availability, the carboxylate-exudation rate of maize
root will be faster, which would results in the prolifera-
tion of microorganisms including A. brasilense in the
rhizosphere. This proliferation would account for ob-
served differences in growth between non-inoculated
and inoculated maize plants.

In this paper we used the known effects of
A. brasilense (e.g., increased root length, increased bio-
mass, increased concentration of N in shoots) as a proxy
of the PGPB activity and rhizosphere colonization. In
addition, the total shoot P content was measured in order
to identify the effects of the PGPB on the acquisition of
this nutrient, because of the reported potential of
A. brasilense to solubilize P in vitro (Rodriguez et al.
2004). We measured the root carboxylate-exudation
rate, and used the leaf manganese (Mn) concentration
as a proxy for carboxylate concentrations in the rhizo-
sphere (Lambers et al. 2015).

The specific aim of this study was to investigate the
effects of root carboxylate exudation in the interactions
between A. brasilense and Z. mays. Because carboxyl-
ates are precursors of phytohormones and also a source
of C and energy for microorganisms, we hypothesized
that faster root carboxylate-exudation rates result in
more intense effects of A. brasilense in Z. mays (increase
in total biomass, root length and area), either via stimu-
lation of microbial activity or via stimulation of the
proliferation of A. brasilense in the rhizosphere.
Because root carboxylate-exudation rates tend to in-
crease with decreasing soil P availability, we expected
that increasing P supply would reduce the effect of A.
brasilense on Z. mays.

Material and methods
Greenhouse experiment
We grew maize (cultivar BR 1060, Embrapa)
plants in 15 L pots, in a low-nutrient soil

(Table 1). Treatments were divided into non-
inoculated (I-) and inoculated (I+). For I+, the
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Table 1 Mean values of the chemical attributes of the soil used in
the greenhouse experiment

Attribute Value
pH (CaCly) 53
Organic matter (g kg ') 11
TOC* (gkg ") 6

P (mgkg ") 3

K (mmolc kg™") 0.4
Ca (mmolc kgﬁl) 21

S (mgkg ™) 20
Mg (mmolc kg ™) 3
Al (mmolc kgﬁl) 0
CEC ® (mmolc L") 44.7
Bases added © (mmolc L) 25.7
Fe (mgkg ") 5
Cu (mgkg ™" 4.6
Mn (mg kg ™" 7.9
Zn (mgkg ") 3

B (mg kg ") 0.31
Na (mmolc kgﬁl) 1.3

#TOC: total organic carbon
® CEC: cation exchange capacity (bases added + H + Al)
“Bases Added is the sum of K, Ca, and Mg

seeds were inoculated with A. brasilense before
sowing, (strains Ab-V4, Ab-V5), applying 4 mL
of a commercial inoculant to 800 g of seeds,
mixing both components in a plastic bag, which
was kept for 10 min protected from sunlight. For
both treatments, once a week we added 200 mL of
a complete Hoagland solution per pot (Shipley and
Keddy 1988), varying the concentration of P,
which was supplied at four concentrations accord-
ing to the treatment: 0, 50, 100, 200 mg P L' in
the form of KH,PO,. Thus, there were eight treat-
ments organized in a complete 2 x 4 factorial
design: I + 0, I + 50, I + 100, I + 200, and I-0,
1-50, 1-100, and 1-200, with five replicates for each
treatment. The experiment was conducted in a
greenhouse located at the University of
Campinas, Campinas, SP, Brazil. Plants in the
glasshouse were subjected to natural daily and
seasonal cycles of solar radiation (with a daily
peak of photosynthetically active radiation of
470-840 pmol photons m 2 s '), natural temper-
ature (8-39 °C) and relative humidity (10-100 %).

Soil collection and analysis

We collected soil at a depth of 0 to 30 cm in an area near
the University of Campinas, SP, Brazil. We mixed it
with sand in a 3:1 proportion of soil: sand. We sent a
subsample (ca. 500 g) for chemical analysis to a private
soil analysis laboratory (IBRA — Instituto Brasileiro de
Andlises), in Sumaré¢, SP, Brazil. Phosphorus, potassi-
um, calcium, and magnesium were extracted with ion
exchange resins (van Raij et al. 1986); copper, iron,
zinc, and Mn were extracted in a chelating solution
(DTPA) (Lindsay and Norvell 1978), and boron was
extracted in barium chloride (BaCl,). Soil pH was de-
termined in calcium chloride (CaCl,, Thomas 1996),
and aluminum was extracted in potassium chloride
(KCI) and determined by acid-base titration curves
(Bertsch and Bloom 1996).

Plant growth and carboxylate analysis

After 45 days, plants were harvested and separated into
roots and shoots. The root system was gently shaken to
remove most of the soil, and what remained on the roots
was considered rhizosphere soil (Veneklaas et al. 2003).
To determine rhizosphere carboxylate exudation rate,
the 10 cm apex of a selected axis of the root was
submerged in 4 mL of deionized water for 10 s. These
samples were frozen and lyophilized, and then re-
suspended in 0.5 mL of deionized water. Ultra-High
Performance Liquid Chromatography-Mass
Spectrometry (UHPLC-MS) was used for the analysis
of citric and malic acid (Abrahdo et al. 2014). The
exudation rates (g em ' s were calculated as the
mass of each organic acid (ug) released from the root
system, divided by the length of root used for collection
of root exudates (10 cm), and divided by time (10 s).
To determine root length, we measured root length in
aliquots and then extrapolated for the entire root system,
based on the dry mass of the root samples. We collected
and weighed a part of each root and then stained the
roots with methylene blue (Bouma et al. 2000), followed
by digitization of the roots in a flatbed scanner, with 600
dpi of resolution. The RootEdge software (Kaspar and
Ewing 1997) was used for the analysis of root length.
Plants were oven dried for 48 h at 70 °C, and root and
shoot parts were weighed using a semi-analytical bal-
ance. Shoot parts (leaves and stem) were ground and
sent for N, P and Mn analyses to the “Luiz de Queiroz”
college of Agriculture, University of Sao Paulo,
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Piracicaba-SP, Brazil. The following methods were used
for nutrient determinations: N was determined by
Kjeldahl distillation, after sulfuric acid digestion
(Miyazawa et al. 2009); P was determined by spectro-
photometry after nitric and perchloric acid digestion
(Motomizu and Oshima 1987); Mn was determined by
acid digestion with hydrochloric acid followed by atom-
ic absorption (Miyazawa et al. 2009).

Data analysis

To test if there were significant effects (p < 0.05) of
bacteria inoculation and the amount of P supplied on
maize dry mass, root architecture, nutrient status and
carboxylate concentration in the rhizosphere (dependent
variables), and if the effects of the bacteria and the P
supplied were dependent of each other, we performed a
factorial analysis of variance (ANOVA). When neces-
sary, the data were log-transformed in order to normalize
and homogenize the variance (Zar 2010). For the anal-
ysis and graphs we used the software R v3.2.1 (R
Development Core Team 2013).

To assess the effect of the carboxylate-exudation
rates on plant dry mass, height, root length and above-
ground P, N and Mn content, we performed a simple
linear regression for both treatments (I-, I+), considering
total carboxylates in the rhizosphere as the independent
variable and plant traits as dependent variables.

Results

In general, plant dry mass and N, P and Mn content were
not related to the inoculation (Table 2). However, plants
root length and area were positively affected by inocu-
lation (Table 2). Root length of the plants of I + 200 and
I + 100 was greater than that of I-50. Root area of the
plants of I + 200 differed from that of I-50 and I + 0,
while plants of [-200 and I + 100 had a larger root area
than that of [-50. The effects of P supply and inoculation
on plants dry mass, root length and nutrient status are
shown in supplementary material.

We expected a greater effect of the bacteria in plants
growing without P fertilization. We did not find any
effect of the bacteria on the nutrient status and the
biomass of plants, and the effects of the bacteria in root
architecture parameters were greater in treatments with
more P supplied, while we expected the opposite.
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Interestingly, the carboxylate-exudation rate for both
malic and citric acid was faster in inoculated treatments
(Table 2, Fig. 1 a, b), but, surprisingly, it was not
affected by the amount of P supplied (Table 2). The
I + 200 plants showed a faster exudation rate of malic
acid than the 1-50 plants did, and a faster exudation rate
of citric acid than I + 0 plants did.

For non-inoculated plants, the root architecture pa-
rameters were not correlated with root carboxylate-
exudation rate (Fig. 2 a, b). However, for inoculated
plants, root length and area were correlated with the
exudation rate of citric acid. Also, the shoot Mn con-
centration was negatively correlated with the
carboxylate-exudation rate for inoculated plants, where-
as there was no correlation for uninoculated plants
(Fig. 3).

Discussion

The inoculation of maize with A. brasilense resulted in
greater root length and area, as reported in other studies
(Kapulnik et al. 1985; Molina-Favero et al. 2008).
Those effects are accounted for by phytohormones pro-
duced by the bacteria (Mantelin and Touraine 2004;
Bashan and de-Bashan 2010) and are expected to in-
crease the roots’ contact surface with soil which results
in more water and nutrient uptake by the plant
(Kapulnik et al. 1985; Bashan and Holguin 1997;
Dobbelaere et al. 2001; Bashan et al. 2004). However,
the shoot, root and total dry mass, and the nutrient
contents of the plants were not affected by inoculation
with A. brasilense. This suggests that the effects of
A. brasilense in maize roots are not necessarily related
to increase in plant dry mass and nutrient contents, and
this is possibly the source of inconsistencies observed
(Dobbelaere et al. 2001). Thus, it may be important to
evaluate under which conditions the A. brasilense mod-
ifications of root architecture result in increased plant
dry mass, yields and nutrient contents.

The root architecture parameters analyzed, used as a
proxy of the A. brasilense inoculation effects in Z. mays,
were positively correlated with the root exudation rates,
corroborating our initial hypothesis. Interestingly, this
correlation was found only for the inoculated treatment;
furthermore, the inoculated treatment showed faster ex-
udation rates. These results suggest that A. brasilense
stimulated carboxylate exudation by maize roots; micro-
organisms are able to modify the nature and amounts of
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Table 2 Analysis of variance
results accessing the effects of SumSq Df F value P value
inoculation and phosphorus (P)
fertilization on Zea mays plant Shoot dry mass
parameters Bacteria 0.21 1 1.30 0.26
Phosphorus 7.16 3 14.73 <0.05
Bacteria:Phosphorus 0.99 3 2.03 0.13
Residuals 5.02 31 - -
Root dry mass
Bacteria 0.65 1 3.18 0.08
Phosphorus 8.19 3 13.30 <0.05
Bacteria:Phosphorus 2.14 3 3.48 0.03
Residuals 6.37 31 - -
Total dry mass
Bacteria 031 1 1.94 0.17
Phosphorus 7.37 3 15.52 <0.05
Bacteria:Phosphorus 1.19 3 2.50 0.08
Residuals 491 31 - -
Root length
Bacteria 1.22 1 545 0.03
Phosphorus 1.98 3 2.94 0.05
Bacteria:Phosphorus 1.73 3 2.57 0.07
Residuals 6.72 30 - -
Root area
Bacteria 0.99 1 6.18 0.02
Phosphorus 323 3 6.71 <0.05
Bacteria:Phosphorus 1.62 3 3.17 0.03
Residuals 4.81 30 - -
Total P
Bacteria 0.15 1 0.41 0.53
Phosphorus 9.05 3 8.13 <0.05
Bacteria:Phosphorus 1.05 3 0.94 0.43
Residuals 11.12 30 - -
Total N
Bacteria 0.18 1 0.85 0.37
Phosphorus 7.75 3 11.57 <0.05
Bacteria:Phosphorus 0.87 3 1.30 0.29
Residuals 6.92 31 - -
Total Mn
Bacteria 0.07 1 0.41 0.53
Phosphorus 3.03 3 6.10 <0.05
Bacteria:Phosphorus 0.17 3 0.35 0.79
Residuals 3.81 23 - -
Malic acid
Bacteria 39.95 1 6.96 0.01
Phosphorus 24.11 3 1.40 0.26
Bacteria:Phosphorus 46.10 3 2.68 0.06
Residuals 177.93 31 -
Citric acid
Bacteria 9.49 1 443 0.04
Phosphorus 12.67 3 1.97 0.14
Bacteria:Phosphorus 18.47 3 2.88 0.05
Residuals 66.35 31 - -
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Fig.1 Zea mays root carboxylate-exudation rates according to the
inoculation and phosphorus (P) supply. The points represent the
median and the segments indicate the maximum and minimum
values obtained. Non-inoculated individuals (I-) (o). Inoculated
individuals (I+) (e). Different letters indicate statistical differences
between treatments using Tukey’s HSD test (p < 0.05)

root exudates (Barber and Lynch 1977; Piikryl and
Vancura 1980; Kraffczyk et al. 1984). This stimulation
of carboxylate exudation may have major effects on the
plant-microorganism interaction, because the effects of
inoculation on plant parameters were enhanced with
increased carboxylate-exudation rate. We provide
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Fig. 2 Correlations between the response of Zea mays plants to
inoculation and the root carboxylate-exudation rate. Non-inoculated
individuals (I-) (o). Inoculated individuals (I+) (e). The equations,
R? and p-value provided refer to plants I- (leff) and I+ (righ).
Linear model for the I+ (— —)

evidence supporting a causal effect, in which faster
carboxylate-exudation rates indirectly affect the root
length and area. Organic acids are an important source
of C and energy for rhizosphere microorganisms
(Haichar et al. 2008; Lambers et al. 2009), stimulating
their activity (Phillips et al. 2011), and also influencing
bacterial flagellar mobility, adhesion and chemotaxis
(Burdman et al. 2001; de Weert et al. 2002; Somers
et al. 2004), and thus promoting rhizosphere
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Fig. 3 Correlation between the concentration of manganese [Mn]
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inoculated individuals (I-) (o). Inoculated individuals (I+) (). The
equations, R? and p-value provided refer to plants I- (top) and I+
(bottom). Linear model for the I+ (— —)

colonization by microorganisms. Even small amounts of
those compounds may activate beneficial soil microor-
ganisms (‘priming effect’; Kuzyakov et al. 2000;
Fontaine et al. 2003). Since we found a positive corre-
lation between root parameters and carboxylate-
exudation rate only for inoculated plants, the increased
carboxylate-exudation rate likely affected the
A. brasilense population, probably intensifying their
production of phytohormones, which resulted in in-
creased root length and area. This hypothesis is corrob-
orated by the fact that leaf Mn concentration, a proxy for
carboxylate concentrations in the rhizosphere (Lambers
et al. 2015), was negatively correlated with root exuda-
tion rate of inoculated plants, suggesting that the exuded
organic acids were consumed by the rhizobacteria, rath-
er than accumulated. Therefore, our results suggest a
positive feedback, in which the exudation of carboxyl-
ates is stimulated by A. brasilense; the carboxylates, in
turn, are consumed by the rhizosphere microbial com-
munity, resulting in positive effects in the plant.

The present effect of A. brasilense on root architec-
ture was positively related to P supply, and corroborates
our initial hypothesis that P affects the interaction be-
tween the bacteria and plants. However, the mechanism
of action differs from the one we proposed. We expected
a negative correlation between P supply and the bacte-
rial effects on plants, since these effects would be related
to root exudation of carboxylates, a parameter that is

usually negatively related to P availability in soil
(Neumann and Romheld 1999). Instead, our results
show that P fertilization affected the microbial activity.
Fertilization has been reported to stimulate the soil
microbial activity and biomass (Marschner et al. 2003;
Chu et al. 2007), and this might be the case in our
experiment. It is possible that the P addition stimulated
A. brasilense, which, consequently, intensifies its effects
in the plant. Furthermore, the root carboxylate-
exudation rates were not related to the P supply and,
thus, the effect of P in the studied interaction was not
mediated by the carboxylate exudation in the manner we
hypothesized, requiring further investigation.

In conclusion, our results suggest a positive feedback
between A. brasilense and Z. mays, in which inoculation
with A. brasilense stimulated the root carboxylate exuda-
tion, which affected the rhizosphere microbial community.
The increased carboxylates exudation is, then, related to a
more intense effect of the bacteria on the plant, such as the
observed increase in root length and area. Phosphorus
supply also positively affected the interaction between
bacteria and plants, and our data suggest that this is a
consequence of a direct effect of P supply on the activity
of A. brasilense, intensifying its effects on the plant.
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