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Abstract: Rising CO2 levels, as predicted by global climate models, are altering environmental factors
such as the water cycle, leading to soil waterlogging and reduced oxygen availability for plant
roots. These conditions result in decreased energy production, increased fermentative metabolism,
impaired nutrient uptake, reduced nitrogen fixation, and altered leaf gas exchanges, ultimately
reducing crop productivity. Co-inoculation techniques involving multiple plant growth-promoting
bacteria or arbuscular mycorrhizal fungi have shown promise in enhancing plant resilience to
stress by improving nutrient uptake, biomass production, and nitrogen fixation. This study aimed
to investigate carbon and nitrogen metabolism adaptations in soybean plants co-inoculated with
Bradyrhizobium elkanii, Azospirillum brasilense, and Rhizophagus intraradices under waterlogged condi-
tions in CO2-enriched environments. Plants were grown in pots in open-top chambers at ambient
CO2 concentration (a[CO2]) and elevated CO2 concentration (e[CO2]). After reaching the V5 growth
stage, the plants were subjected to waterlogging for seven days, followed by a four-day reoxygena-
tion period. The results showed that plants’ co-inoculation under e[CO2] mitigated the adverse
effects of waterlogging. Notably, plants inoculated solely with B. elkanii under e[CO2] displayed
results similar to co-inoculated plants under a[CO2], suggesting that co-inoculation effectively miti-
gates the waterlogging stress, with plant physiological traits comparable to those observed under
elevated CO2 conditions.

Keywords: arbuscular mycorrhizal fungi; climate changes; diazotrophic bacteria; Glycine max (L.)
Merril; hypoxia; nitrogen support

1. Introduction

Global climate change, driven by anthropogenic and natural factors, is a widely
studied topic due to its direct and indirect impacts on terrestrial ecosystems. Among
the most examined aspects are temperature fluctuations and the increasing emission of
greenhouse gases, particularly carbon dioxide (CO2). Since the Industrial Revolution,
atmospheric CO2 levels have risen exponentially, with the most severe global carbon
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emission scenarios observed in recent years [1]. As of July 2023, the atmospheric CO2
concentration was recorded at 417.1 µmol mol−1 at the Mauna Loa Observatory in the
USA. In 2005, a study projected that CO2 levels could double by 2100, from 400 to
800 µmol mol−1 [2].

Plants use atmospheric CO2 for carbon fixation during photosynthesis. While a
significant amount of atmospheric carbon is sequestered by algae and plankton in oceans,
carbon cycling in terrestrial plants plays a crucial role, regardless of the type of carbon
fixation pathway (C3, C4, or CAM). However, elevated CO2 levels can lead to plant
morphological and physiological changes [3,4]. C3 plants are more responsive to higher
atmospheric CO2, showing greater biomass accumulation than C4 plants [2,5,6]. This
biomass increase in C3 plants often translates into enhanced productivity, though this
response tends to plateau at CO2 concentrations of around 1000 µmol mol−1 [3,7].

Despite the direct relationship between atmospheric CO2 and biomass increase in
C3 plants, growth is often limited by other factors such as water and nutrient availabil-
ity, particularly nitrogen, which plays a key role in many physiological processes [8–10].
Many C3 plants—especially those in the Fabaceae family, like soybeans—form symbiotic
relationships with diazotrophic bacteria to enhance nitrogen absorption and assimila-
tion. This symbiosis helps minimize nitrogen deficiency and optimize the benefits of
elevated CO2 [11,12]. At higher CO2 concentrations, plants provide more sugars to bac-
teria in the nodules, thereby boosting nitrogen fixation and increasing nitrogen supply
to the plant [13–15]. However, even plants that form symbiotic relationships with N2-
fixing bacteria may experience limitations in productivity due to the availability of other
essential nutrients, such as phosphorus, potassium, magnesium, and molybdenum in
the soil [12,16–18]. To address this, co-inoculation practices using multiple diazotrophic
bacteria, such as Bradyrhizobium and Azospirillum, have been shown to enhance nutrient
uptake in plants. These bacteria increase root surface area and N2 fixation, thereby im-
proving plant nutrient absorption and growth, known as plant growth-promoting bacteria
(PGPB) [19].

Additionally, arbuscular mycorrhizal fungi (AMF), such as Rhizophagus intraradices,
also contribute to improved plant growth by enhancing nutrient uptake, particularly
phosphorus and nitrogen, and promoting better root development [20,21]. AMF also plays
a key role in soil carbon mobilization. Under elevated CO2 conditions, the diversity and
abundance of soil microbial communities, including AMF, tend to increase [22]. As a result,
co-inoculation strategies could be even more effective for improving soybean growth under
elevated CO2.

Due to climate change and increasing atmospheric CO2, approximately
17 million km2 of land globally are now subject to waterlogging events. Under wa-
terlogged conditions, plants experience metabolic changes due to reduced oxygen avail-
ability in the roots [23]. Hypoxia leads to decreased biological nitrogen fixation and
photosynthesis, resulting in lower carbohydrate and sugar production, ultimately reduc-
ing plant biomass [24,25].

Under normoxic conditions, plants exposed to elevated CO2 or co-inoculated with
multiple PGPB often show increases in nodule number, nodule weight, N2 fixation per
unit weight, and earlier nodulation [12,16,20,26–28]. However, the effects of elevated CO2
and co-inoculation with diazotrophic bacteria and AMF under root hypoxia caused by
waterlogging remain unclear. Therefore, this study aims to elucidate the adaptations in
carbon and nitrogen metabolism in soybean plants co-inoculated with Bradyrhizobium
elkanii, Bradyrhizobium japonicum, Azospirillum brasilense, and/or Rhizophagus intraradices
under waterlogged conditions in a CO2-enriched environment.
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2. Materials and Methods
2.1. Plant Material, Growth Conditions, and Treatments

Soybean seeds of the PEL BR 157060 cultivar, which is sensitive to waterlogging, were
provided by the EMBRAPA (Brazilian Agricultural Research Corporation, Pelotas, RS,
Brazil) breeding program. The seeds were sterilized with 80% ethanol for two minutes,
followed by 10% (w/v) sodium hypochlorite for two minutes, then rinsed with five minutes
of sterilized water. After sterilization, the seeds were inoculated or co-inoculated with
microorganisms, as in Table 1.

Table 1. Seed inoculation and co-inoculation treatments information.

Treatment Abbreviation

Microorganisms *

Bradyrhizobium elkanii SEMIA
5019 and Bradyrhizobium
Japonicum SEMIA 5079

Azospirillum brasilense
Strains Ab-V5 and

Ab-V6

Rhizophagus intraradices
ROOTELLA BR®

(Joinville, SC, Brazil)

Bradyrhizobium
Inoculation IB 4 mL seeds kg−1

with 5 × 109 CFU mL−1 - -

Co-inoculation
Bradyrhizobium +

Azospirillum
CA 4 mL seeds kg−1

with 5 × 109 CFU mL−1
2 mL seeds kg−1

with 2 × 108 CFU mL−1 -

Co-Inoculation
Bradyrhizobium +

Rhizophagus
CR 4 mL seeds kg−1

with 5 × 109 CFU mL−1 - 1.35 g seeds kg−1

with 20,800 propagules g−1

Co-Inoculation
Bradyrhizobium +

Azospirillum +
Rhizophagus

CAR 4 mL seeds kg−1

with 5 × 109 CFU mL−1
2 mL seeds kg−1

with 2 × 108 CFU mL−1
1.35 g seeds kg−1

with 20,800 propagules g−1

* All microorganism doses were applied as recommended to avoid competition between them. CFU: colony
forming unit.

Sixty minutes after the inoculation or co-inoculation process, five seeds were planted
per pot and placed in two open-top chambers (OTCs). One chamber maintained ambient
CO2 levels (a[CO2], 400 µmol mol−1) without a gas injection system, while the other
chamber was regulated to maintain a CO2 level of 700 µmol mol−1 (e[CO2]), as shown in
Figure S1. One-liter pots, filled with soil typical of lowland regions (soil collection site:
31◦48′26.21′′ S; 52◦28′48.20′′ W), were sterilized in an autoclave (127 ◦C; 1.5 ATM; 1 h 30 min)
and amended to meet the nutritional demands for high soybean productivity, following the
Fertilization and Liming Manual. The soil’s chemical characteristics are described in Table S1.

After the unifoliolate leaf pair emerged and developed, thinning was performed to
leave only three plants per pot. When the plants reached the V4 phenological stage (five
nodes and four trefoils), they were subjected to waterlogging for seven days, followed
by four-day reoxygenation. During the waterlogging treatment, the four replicates of
each treatment were placed in a larger container with a water layer approximately seven
centimeters above the soil. For reoxygenation, the pots were removed from the containers
and allowed to drain naturally (Figure 1). Data collection occurred twice: once at the end
of the waterlogging period and again at the end of the reoxygenation period. Biometric
analyses were conducted on each sampling day, and the material for biochemical analyses
was stored in an ultra-freezer at −80 ◦C.

Temperature, humidity, and CO2 levels within the OTCs (Figure S1) were monitored
throughout the experiment at three-minute intervals. Daily averages between 6:30 and
19:30 generated the graphs shown in Figure S1, excluding periods when the plants were
not photosynthetically active (night).
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Figure 1. Schematic representation of the treatments and experimental design. Soybean plants were 

cultivated under different CO2 concentrations (ambient a[CO2] or elevated e[CO2]) with different 

symbiotic associations and subjected to waterlogging (seven days) and subsequent reoxygenation 

Figure 1. Schematic representation of the treatments and experimental design. Soybean plants were
cultivated under different CO2 concentrations (ambient a[CO2] or elevated e[CO2]) with different sym-
biotic associations and subjected to waterlogging (seven days) and subsequent reoxygenation (four
days). IB—Bradyrhizobium inoculation; CA—co-inoculation with Azospirillum brasilense + Bradyrhizo-
bium; CR—co-inoculation with Rhizophagus intraradices + Bradyrhizobium; CAR—triple co-inoculation
with Bradyrhizobium + Azospirillum brasilense + Rhizophagus intraradices.
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2.2. Gas Exchange, Plant Growth, Biomass Accumulation, and Total Chlorophyll Content

Gas exchange was measured in intact young leaves (the first fully expanded trefoil)
using a portable infrared CO2 analyzer (model LI-6400XT, LI-COR, Inc., Lincoln, NE, USA)
at the end of both the waterlogging and reoxygenation periods. Measurements were
taken between 8 and 10 a.m., with the CO2 concentration in the chamber set at either
400 µmol mol−1 or 700 µmol mol−1, and a photon flux density of 1250 µmol photons
m−2 s−1, using the LI-COR 6400-02B (LI-COR, Inc., Lincoln, NE, USA) light source attached
to the measurement chamber (2 × 3 cm) with block temperature control set at 25 ◦C.

At the end of the waterlogging and subsequent reoxygenation periods, the following
biometric parameters were evaluated: (I) leaf area (LA), measured using the formula
LA = 2.0185 × (L × W), where L is the maximum leaf length and W is the maximum leaf
width [29]; (II) stem diameter (SD), measured with a digital caliper at the stem base just
above the substrate; (III) root fresh weight (RFW); (IV) root volume (RV), measured by
water displacement in a graduated cylinder; and (V) shoot dry weight (SDW), determined
after drying in an oven at 65 ◦C until a constant weight was achieved.

To extract chlorophyll a, b, and carotenoid levels, 0.020 g of the youngest fully ex-
panded trefoil was combined with 5 mL of dimethyl sulfoxide. The sample and reagent
were incubated in a water bath at 65 ◦C for one hour, after which absorbance readings at
480, 649, and 665 nm were taken using a spectrophotometer to calculate and express the
results in µg g−1 [30].

2.3. Hydrogen Peroxide Levels, Lipid Peroxidation, and Antioxidant Enzyme Activity

Leaves and roots (0.250 g) were ground in liquid nitrogen, homogenized with 0.1%
(w/v) trichloroacetic acid, and then centrifuged at 13,000× g at 4 ◦C for 20 min. The H2O2
content was determined following the methodology of Velikova et al. [31]. The extent of
lipid peroxidation in the samples was assessed by determining malondialdehyde (MDA)
content using thiobarbituric acid-reactive substances (TBARS), following the method of
Cakmak and Horst [32], utilizing the same extract obtained previously for H2O2 analysis.

The activities of antioxidant enzymes were determined in leaves and roots from 0.250 g
samples. The samples were ground with liquid nitrogen and homogenized with 2 mL of
100 mM phosphate buffer (pH 7.8) containing 100 µM EDTA, 10 mM ascorbic acid, and
25% (w/w) polyvinylpolypyrrolidone (PVPP). The extracts were centrifuged at 12,000× g
for 20 min at 4 ◦C, and the supernatants were used as crude enzyme extracts. Superoxide
dismutase (SOD; EC 1.15.1.1) activity was assessed using the methodology described by
Giannopolitis and Ries [33]. Catalase (CAT; EC 1.11.1.6) activity was assessed according to
Azevedo et al. [34]. Ascorbate peroxidase (APX; EC 1.11.1.11) activity was evaluated in a
reaction mixture as detailed by Nakano and Asada [35].

2.4. Fermentative Enzymes and Ala-AT

Root samples (0.300 g) were ground with liquid nitrogen and homogenized in 2 mL of
50 mM Tris-HCl buffer (pH 7.5) containing 1 mM dithiothreitol (DTT) and 25% (w/w) PVPP.
The homogenate was centrifuged at 12,000× g for 20 min at 4 ◦C, and the supernatant
was desalted using a PD-10 column (GE Healthcare, Buckinghamshire, UK). After protein
elution, aliquots were used to determine the activities of pyruvate decarboxylase (PDC;
EC 4.1.1.17), lactate dehydrogenase (LDH; EC 1.1.1.17), alcohol dehydrogenase (ADH;
EC 1.1.1.1), and alanine aminotransferase (Ala-AT; EC 2.6.1.2). Enzyme activities were
measured by monitoring NADH oxidation at 340 nm. The activities of ADH and PDC were
assessed following the method proposed by Hanson et al. [36]. LDH activity was measured
according to the method described by Hanson and Jacobsen [37]. The Ala-AT assay was
conducted as described by Good and Muench [38].
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2.5. Total Soluble Sugar Content

The extraction of total soluble sugars (TSS) from 0.5 g of root samples followed the
method of Bieleski and Turner [39], using an extraction solution composed of methanol,
chloroform, and water in a 12:5:3 ratio. The TSS content was determined using the method
of Graham and Smydzuk [40], where 0.15% (w/v) anthrone in sulfuric acid was used, and
absorbance readings were taken at 620 nm. TSS levels were determined based on a glucose
calibration curve with concentrations ranging from 0 to 150 µmol mL−1.

2.6. Experimental Design and Statistical Analyses

The pots were arranged in two growth chambers (OTCs) in a completely randomized
experiment. Each pot contained three plants, which together formed an experimental unit,
and each treatment consisted of four replications. A control group was established for both
waterlogged and reoxygenated plants. The experiment was analyzed using a three-factor
design: Factor 1 represented CO2 levels (ambient CO2 [a(CO2)] or enriched CO2 [e(CO2)]);
Factor 2 represented water treatments (control or waterlogging/reoxygenation); and Factor
3 represented co-inoculation treatments (IB, CA, CR, and CAR).

Statistical analysis was performed using Rbio software version 191. The data were
checked for normality and homogeneity before performing a three-way analysis of variance
(ANOVA). When significant differences were detected via the F-test in ANOVA, the data
were compared using Tukey’s test (p ≤ 0.05). Graphs were created using SigmaPlot
12 software. Principal component analysis (PCA) and hierarchical clustering analysis
(HCA) graphs were constructed using the Metaboanalyst tool (https://metaboanalyst.ca/;
Quebec, Canada)

3. Results
3.1. Effect of e[CO2] and Co-Inoculation on Gas Exchange and Photosynthetic Pigments

Regarding CO2 assimilation (A; Figure 2A), all plants subjected to waterlogging for
seven days exhibited a reduction in A, regardless of the environment (ambient CO2 (a[CO2])
or enriched CO2 (e[CO2]). However, plants grown under e[CO2] displayed higher A rates.
On average, in a[CO2] conditions, waterlogged plants reduced their A by 11% compared to
control plants, while this difference decreased to 2.5% for plants grown under e[CO2]. The
results also indicated differences among microbiological treatments; plants co-inoculated
with CA, CR, and CAR exhibited less reduction in A compared to plants solely inoculated
with Bradyrhizobium (IB treatment).

In the IB treatment under hydric control conditions in a[CO2], plants showed 1.2 times
less A than those in CA, CR, and CAR treatments. When comparing waterlogged plants, this
difference increased to 34%, with CA, CR, and CAR plants demonstrating higher A rates.
Plants grown under e[CO2] from CA, CR, and CAR hydric control conditions exhibited
17% more A than IB plants. The difference between IB and CA, CR, and CAR plants
increased to 57% for waterlogged plants. During reoxygenation, plants grown under a[CO2]
showed smaller differences between their respective treatments under control conditions,
with a 29% lower A in reoxygenated plants. Among microbiological treatments, control
plants in the IB treatment had, on average, 37% less A than those in CA, CR, and CAR
treatments, with 30% higher results observed during reoxygenation in co-inoculated plants.
Under e[CO2] conditions, reoxygenated plants exhibited improved results, with an average
reduction in A of 24% compared to their respective control plants, and the differences
among microbiological treatments were also smaller. Reoxygenated IB plants had 15%
lower A than control plants in the CA, CR, and CAR treatments, while reoxygenated CA,
CR, and CAR plants had 29% higher A than IB plants under e[CO2].
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Figure 2. Leaf gaseous exchange. Net CO2 assimilation (A) (A), stomatal conductance (gs) (B),
transpiration (E) (C), and internal CO2 concentration (Ci) (D) in soybean plants grown under different
CO2 concentrations (ambient concentration a[CO2] or elevated concentration e[CO2]) with different
symbiotic associations and subjected to waterlogging (seven days) followed by reoxygenation (four
days). Values represent the mean ± standard deviation (SD), n = 4. Asterisks indicate a difference
between control or waterlogged/reoxygenated plants (t-test; p < 0.05), uppercase letters indicate
differences between treatments under control conditions, lowercase letters indicate differences be-
tween treatments under waterlogging/reoxygenated conditions (Tukey, p < 0.05), and Greek letters
indicate differences between treatment in a[CO2] or e[CO2] (t-test; p < 0.05). IB—Bradyrhizobium inoc-
ulation; CA—co-inoculation with Azospirillum brasilense + Bradyrhizobium; CR—co-inoculation with
Rhizophagus intraradices + Bradyrhizobium; CAR—triple inoculation with Bradyrhizobium + Azospirillum
brasilense + Rhizophagus intraradices.
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Stomatal conductance (gs; Figure 2B) mirrored the results for A, as waterlogged plants
exhibited reduced gs, regardless of the environment (a[CO2] or e[CO2]) or microbiological
treatment. Notably, control plants grown under e[CO2] had, on average, 27% lower gs
compared to those grown under a[CO2] and 33% lower in waterlogged plants. Regarding
microbiological treatments, CA, CR, and CAR plants grown under a[CO2] and subjected
to waterlogging exhibited 90% higher gs than IB plants. In the e[CO2] environment, the
difference in gs between waterlogged IB and CA, CR, and CAR plants was 41%, with a 14%
difference among their respective control plants. During the reoxygenation period, gs of
plants grown in a[CO2] remained below their respective controls, with an average difference
of 33%. Microbiological treatments CA, CR, and CAR had 76% higher gs than IB plants,
while control plants showed a smaller difference of 19%. Under e[CO2] conditions, no
differences were found between control or reoxygenated plants or among microbiological
treatments, indicating that under e[CO2], plants possess a better recovery capacity due to
their metabolic condition before and during waterlogging stress.

Regardless of CO2 level, plants reduced transpiration rate (E) during waterlogging
(Figure 2C). Plants grown in a[CO2] and subjected to waterlogging for seven days exhibited
an average reduction in E of 52% compared to control plants. Under e[CO2] conditions,
waterlogged plants showed a reduction of 45% in E compared to their controls. The
difference in E between IB and CA, CR, and CAR plants was smaller in a[CO2] (6%)
compared to the 9% difference found in e[CO2] plants. During reoxygenation, the difference
in E between reoxygenated and control plants was 20% for a[CO2] conditions, while for
e[CO2] plants, the difference was 11%. Differences between IB and CA, CR, and CAR plants
during reoxygenation varied, with a greater difference observed in a[CO2] (64%) compared
to only 6% in e[CO2] plants.

As expected, soybean plants grown under e[CO2] conditions exhibited an average
increase in internal CO2 concentration (Ci) of 90% compared to those grown under a[CO2]
(Figure 2D). Waterlogged plants grown in a[CO2] conditions showed a reduction in Ci of 4%,
with statistical differences between waterlogged and control plants observed only in the
IB and CAR treatments. Under e[CO2], this reduction increased to 6%, with Ci decreasing
for all microbiological treatments during waterlogging. During the reoxygenation period,
only the difference between a[CO2] and e[CO2] remained, with no significant differences
observed between reoxygenated and control plants or among microbiological treatments.
All treatments under reoxygenation conditions reached Ci values similar to their respective
controls, indicating that plants under e[CO2] exhibit enhanced photosynthetic capacity to
cope with stress.

Photosynthetic pigments are presented in Figure 3A–D. Although there was no clear
response pattern to waterlogging or CO2 levels, the main results are highlighted. Control co-
inoculated plants grown under a[CO2] had lower chlorophyll a (Chlo_a) content compared
to IB plants in the same environment (Figure 3A). Additionally, under a[CO2], waterlogged
IB and CA treatments exhibited reduced Chlo_a content, while CR and CAR treatments
maintained similar pigment levels to their respective controls. In e[CO2] conditions, the
Chlo_a content among control treatments did not differ between IB and co-inoculated
plants (CA, CR, and CAR). Both IB and CA plants reduced Chlo_a during waterlogging in
this environment, while CR and CAR maintained Chlo_a levels like those of their control
plants. During the reoxygenation period in a[CO2], IB and CA treatments did not differ
from their control plants; however, CR and CAR treatments reduced Chlo_a content to half
of that presented by their control plants. Under e[CO2], IB and CAR treatments maintained
Chlo_a levels similar to their control plants during reoxygenation, while CA and CR plants
reduced their Chlo_a content by 50%.
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Figure 3. Pigment content. Chlorophyll a content (Chlo_a) (A), chlorophyll b (Chlo_b) (B), total
chlorophyll (Chlo-total) (C), and carotenoids (Carot) (D) in soybean plants grown under different
CO2 concentrations (ambient concentration a[CO2] or elevated concentration e[CO2]) with different
symbiotic associations and subjected to waterlogging (seven days) followed by reoxygenation (four
days). Values represent the mean ± SD, n = 4. Asterisks indicate a difference between control or
waterlogged/reoxygenated plants (t-test; p < 0.05), uppercase letters indicate differences between
treatments under control conditions, lowercase letters indicate differences between treatments under
waterlogging/reoxygenated conditions (Tukey, p < 0.05), and Greek letters indicate differences
between treatment in a[CO2] or e[CO2] (t-test; p < 0.05). IB—Bradyrhizobium inoculation; CA—
co-inoculation with Azospirillum brasilense + Bradyrhizobium; CR—co-inoculation with Rhizophagus
intraradices + Bradyrhizobium; CAR—triple inoculation with Bradyrhizobium + Azospirillum brasilense +
Rhizophagus intraradices.
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Chlorophyll b (Chlo_b) levels (Figure 3B) in plants grown under a[CO2] did not
decrease during waterlogging. Under e[CO2], only the CA treatment exhibited reduced
Chlo_b during waterlogging, while IB, CR, and CAR plants showed reduced Chlo_b.
During reoxygenation in a[CO2], only CA plants maintained their Chlo_b levels, while
other microbiological treatments exhibited reductions. Under e[CO2] during reoxygenation,
only CAR plants maintained their Chlo_b levels. Additionally, among control treatments,
CAR had the lowest Chlo_b content.

Total chlorophyll content (Figure 3C) was lower in control co-inoculated plants grown
under a[CO2]. Among waterlogged plants in this environment, only CA exhibited a slight
reduction compared to its control. Under e[CO2] conditions, unlike other treatments, only
CAR plants did not show a reduction when waterlogged. During the reoxygenation process
in a[CO2], only the CA treatment did not reduce total chlorophyll content compared to
its control plants. However, under e[CO2], total chlorophyll content drastically decreased
in CA and CR treatments, approximately 50% less than their controls, while IB and CAR
treatments were less affected, with only about a 2% reduction compared to their controls.

Carotenoid content (carot) (Figure 3D) in CR and CAR plants did not decrease during
waterlogging under a[CO2], whereas IB and CA treatments exhibited reductions of 40%
and 70%, respectively, compared to their controls. Under e[CO2], only the CR treatment
showed a 70% reduction in carot during waterlogging. During reoxygenation, carot content
decreased in all treatments, regardless of a[CO2] or e[CO2] conditions.

3.2. Effect of e[CO2] and Co-Inoculation on H2O2 Production and Lipid Peroxidation
3.2.1. H2O2 Content and Lipid Peroxidation in Leaves

The production of H2O2 in leaves increased in plants subjected to a seven-day water-
logging period, regardless of CO2 level or microbiological treatment (Figure 4A). Plants
grown under a[CO2] produced more H2O2 than those grown under e[CO2], irrespective of
hydric condition. The increase in H2O2 production in waterlogged plants compared to con-
trol plants was 43% higher under a[CO2], while the increase in the e[CO2] environment was
31% higher. Co-inoculated control plants from CA, CR, and CAR treatments produced 15%
less H2O2 than solely inoculated IB plants, which decreased to a 9% reduction under water-
logging in a[CO2] conditions. Under e[CO2], the difference in H2O2 production between
co-inoculated control plants from CA, CR, and CAR treatments and solely inoculated IB
plants was 6%, and the difference in waterlogged plants was 9%. During the reoxygenation
period, H2O2 levels in leaves tended to equalize with control plants; however, the differ-
ence between plants grown under a[CO2] and e[CO2] persisted. The difference between
control and reoxygenated plants under a[CO2] was 23%, while for plants grown under
e(CO2), it was 27%. Differences were also noted between solely inoculated IB plants and
co-inoculated CA, CR, and CAR plants, with a 10% difference in control and reoxygenated
plants under a[CO2]. This difference also occurred in the e[CO2] environment, with a 5%
difference among control plants and a 23% difference during reoxygenation.

Accompanying the increased H2O2 production during waterlogging, leaves also had
greater lipid peroxidation, irrespective of CO2 level or microbiological treatment (Figure 4B).
In plants grown under a[CO2], waterlogging increased malondialdehyde (MDA) content
by 19%, while in e[CO2] conditions, MDA levels increased by 13% compared to their
respective control plants. Regardless of CO2 level, differences were observed between
solely inoculated IB plants and co-inoculated plants from CA, CR, and CAR treatments. The
difference among control plants in the a[CO2] environment was 11%, while in the e[CO2]
environment, it was 5%. When calculating the same ratio among waterlogged plants, co-
inoculated plants exhibited lower MDA levels, with 20% and 11% reductions, respectively.
During the reoxygenation process, MDA levels remained consistent between control and
reoxygenated plants, regardless of CO2 level or microbiological treatment. However, a
small difference persisted between solely inoculated IB plants and co-inoculated CA, CR,
and CAR plants in the a[CO2] environment, with a 12% difference for both control and
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reoxygenated plants. In the e[CO2] environment, this difference was reduced to 5% for
control and reoxygenated plants.
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(H2O2) (A) and lipid peroxidation (MDA) (B) in leaves of soybean plants grown under different
CO2 concentrations (ambient concentration a[CO2] or elevated concentration e[CO2]) with different
symbiotic associations and subjected to waterlogging (seven days) followed by reoxygenation (four
days). Values represent the mean ± SD, n = 4. Asterisks indicate a difference between control or
waterlogged/reoxygenated plants (t-test; p < 0.05), uppercase letters indicate differences between
treatments under control conditions, lowercase letters indicate differences between treatments under
waterlogging/reoxygenated conditions (Tukey, p < 0.05), and Greek letters indicate differences
between treatment in a[CO2] or e[CO2] (t-test; p < 0.05). IB—Bradyrhizobium inoculation; CA—
co-inoculation with Azospirillum brasilense + Bradyrhizobium; CR—co-inoculation with Rhizophagus
intraradices + Bradyrhizobium; CAR—triple inoculation with Bradyrhizobium + Azospirillum brasilense +
Rhizophagus intraradices.

3.2.2. H2O2 Content and Lipid Peroxidation in Roots

During the waterlogging period, regardless of CO2 level or microbiological treatment,
roots exhibited increased levels of H2O2 (Figure 5A). On average, plants grown under
a[CO2] during waterlogging showed a 17% increase in H2O2 production; a similar increase
was observed in plants grown under e[CO2]. Control IB plants grown under a[CO2] pro-
duced 17% more H2O2 than those from CA, CR, and CAR treatments. This difference
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decreased to 15% when these plants were subjected to waterlogging. Control IB plants
grown under e[CO2] had 12% more H2O2 than control plants from CA, CR, and CAR treat-
ments, and this difference increased to 15% during waterlogging. During the reoxygenation
period, the difference between reoxygenated and control plants in the a[CO2] environment
was 43%, while under e[CO2], it was 31%. Regardless of CO2 level, the difference between
IB and CA, CR, and CAR plants was 15% among those maintained under control conditions,
whereas the difference during reoxygenation was 12% and 10% for a[CO2] and e[CO2]
environments, respectively. In addition to the increases observed during the seven days of
waterlogging, the highest H2O2 levels in roots were recorded in reoxygenated plants.
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CO2 concentrations (ambient concentration a[CO2] or elevated concentration e[CO2]) with different
symbiotic associations and subjected to waterlogging (seven days) followed by reoxygenation (four
days). Values represent the mean ± SD, n = 4. Asterisks indicate a difference between control or
waterlogged/reoxygenated plants (t-test; p < 0.05), uppercase letters indicate differences between
treatments under control conditions, lowercase letters indicate differences between treatments under
waterlogging/reoxygenated conditions (Tukey, p < 0.05), and Greek letters indicate differences
between treatment in a[CO2] or e[CO2] (t-test; p < 0.05). IB—Bradyrhizobium inoculation; CA—
co-inoculation with Azospirillum brasilense + Bradyrhizobium; CR—co-inoculation with Rhizophagus
intraradices + Bradyrhizobium; CAR—triple inoculation with Bradyrhizobium + Azospirillum brasilense +
Rhizophagus intraradices.
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Lipid peroxidation in roots also increased during the waterlogging period, regardless
of CO2 level or microbiological treatment, but was intensified during the reoxygenation
period (Figure 5B). Waterlogged plants grown under a[CO2] exhibited a 37% increase in
MDA concentration, while plants grown under e[CO2] showed a 27% increase. The average
difference in MDA concentration between IB and CA, CR, and CAR plants grown under
a[CO2] was 20%, whereas this difference decreased to only 2% under e[CO2]. During
waterlogging, the average difference between IB plants and those from CA, CR, and CAR
treatments was 28% in the a[CO2] environment and 11% in the e[CO2] environment. During
the reoxygenation period, MDA levels increased by 42% for plants grown under a[CO2]
and 53% for those grown under e[CO2] compared to their respective control plants. Control
IB plants under a[CO2] during the reoxygenation period had 28% more MDA than CA,
CR, and CAR treatment plants; this difference was 11% for plants grown under e[CO2]. IB
plants undergoing reoxygenation under a[CO2] exhibited 15% more MDA than CA, CR,
and CAR reoxygenated plants and a 17% increase when evaluated among plants grown
under e[CO2].

3.3. Effect of e[CO2] and Co-Inoculation on Antioxidant Enzyme Activity
3.3.1. Antioxidant Enzyme System in Leaves

The antioxidant enzymatic system exhibited increased activity in leaves during the wa-
terlogging period, regardless of CO2 level or microbiological treatment, with greater activity
observed in plants under e[CO2] conditions (Figure 6). The activity of the SOD enzyme in
leaves (Figure 6A) increased by 40% in waterlogged plants grown under a[CO2]. In contrast,
the increase was 53% for those grown under e[CO2] compared to their respective control
plants. Differences in SOD activity were also noted among microbiological treatments,
with solely inoculated IB plants exhibiting lower SOD activity than co-inoculated CA,
CR, and CAR plants, both in the a[CO2] environment (19%) and the e[CO2] environment
(14%). During waterlogging, the difference between IB and CA, CR, and CAR plants was
18% for plants grown under a[CO2] and 12% for those under e[CO2]. The reoxygenation
period was insufficient for SOD activity in reoxygenated plants to reach control levels,
with reoxygenated plants grown under a[CO2] showing 41% higher activity compared
to control plants. Under e[CO2], reoxygenated plants exhibited 38% higher SOD activity
than their respective controls. Differences among microbiological treatments persisted
during reoxygenation, with control IB plants showing 18% lower SOD activity compared to
co-inoculated CA, CR, and CAR plants in the a[CO2] environment and a 19% difference for
reoxygenated plants. In the e[CO2] environment, the difference between solely inoculated
IB plants and co-inoculated CA, CR, and CAR plants was 9% for control plants and 11% for
reoxygenated plants.

The activity of the CAT enzyme in leaves also increased, showing a 26% rise in
waterlogged plants under a[CO2] and a 45% increase under e[CO2] compared to their
respective controls (Figure 6B). The difference between control IB plants and co-inoculated
CA, CR, and CAR plants was 21% under a[CO2] and 6% under e[CO2]. After seven days of
waterlogging, these differences increased to 22% for plants under a[CO2] and 14% for those
under e[CO2]. During reoxygenation, the differences between control and reoxygenated
plants were 17% for those grown under a[CO2] and 21% for those under e[CO2]. Control
IB plants under a[CO2] exhibited 25% lower CAT activity compared to co-inoculated CA,
CR, and CAR plants, while the difference was 19% during reoxygenation. In the e[CO2]
environment, the difference between control IB plants and CA, CR, and CAR plants during
waterlogging was 7%, increasing to 17% during reoxygenation.
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Figure 6. Antioxidant enzyme activity in leaves. The activity of the enzymes superoxide dismu-
tase (SOD) (A), catalase (CAT) (B), and ascorbate peroxidase (APX) (C) in leaves of soybean plants
grown under different CO2 concentrations (ambient concentration a[CO2] or elevated concentration
e[CO2]) with different symbiotic associations and subjected to waterlogging (seven days) followed by
reoxygenation (four days). Values represent the mean ± SD, n = 4. Asterisks indicate a difference
between control or waterlogged/reoxygenated plants (t-test; p < 0.05), uppercase letters indicate
differences between treatments under control conditions, lowercase letters indicate differences be-
tween treatments under waterlogging/reoxygenated conditions (Tukey, p < 0.05), and Greek letters
indicate differences between treatment in a[CO2] or e[CO2] (t-test; p < 0.05). IB—Bradyrhizobium inoc-
ulation; CA—co-inoculation with Azospirillum brasilense + Bradyrhizobium; CR—co-inoculation with
Rhizophagus intraradices + Bradyrhizobium; CAR—triple inoculation with Bradyrhizobium + Azospirillum
brasilense + Rhizophagus intraradices.

APX enzyme activity increased by 38% in waterlogged plants grown under a[CO2]
compared to their respective controls (Figure 6C). In plants grown under e[CO2], this in-
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crease due to waterlogging stress was 35%. Differences between microbiological treatments
were also noted, with solely inoculated IB plants under a[CO2] exhibiting 27% lower APX
activity than co-inoculated CA, CR, and CAR plants; this difference reduced to 10% for
plants grown under e[CO2]. During the reoxygenation period, differences decreased but
remained significant, with APX activity in plants grown under a[CO2] being 21% higher
than control plants and 19% higher in those grown under e[CO2]. The difference between
IB plants in control conditions grown under a[CO2] was 17% lower than co-inoculated CA,
CR, and CAR plants, reducing this difference to 13% during reoxygenation. Evaluating
control IB plants compared to control CA, CR, and CAR plants in the e[CO2] environment
revealed an average difference of 8%, increasing to 13% during reoxygenation.

Notably, IB plants subjected to waterlogging under a[CO2] exhibited lower antioxidant
activity than IB plants subjected to waterlogging under e[CO2]. However, co-inoculated
CA, CR, and CAR plants grown under a[CO2] showed antioxidant activity equivalent to
that of IB treatment plants grown under e[CO2], indicating that co-inoculation enhances
the antioxidant system in relation to increased CO2 levels. This suggests these plants have
a superior capacity to cope with stressful conditions.

3.3.2. Antioxidant Enzyme System in Roots

The antioxidant enzymatic system, including SOD, CAT, and APX, exhibited increased
activity in roots during waterlogging, irrespective of microbiological treatment or CO2
level (Figure 7). SOD activity in roots increased by 37% in waterlogged plants grown
under a[CO2] and by 46% in those grown under e[CO2], compared to control plants
(Figure 7A). The average difference in SOD activity between solely inoculated IB plants
and co-inoculated CA, CR, and CAR plants was 32% for control plants in the a[CO2] envi-
ronment but decreased to only 8% for plants grown under e[CO2]. Under waterlogging
conditions, the difference between IB and co-inoculated plants was 16% for a[CO2] and
13% for e[CO2]. During the reoxygenation process, differences in SOD activity compared
to control plants were 25% for a[CO2] and 17% for e[CO2]. Notably, IB plants maintained
higher SOD activity than co-inoculated plants, with a difference of 24% under a[CO2] and
6% under e[CO2] during reoxygenation. For reoxygenated plants, IB plants showed an 11%
difference from CA, CR, and CAR plants under a[CO2] and a 9% difference under e[CO2].

CAT activity increased by 24% in waterlogged plants grown under a[CO2] and by
32% in those under e[CO2] compared to control plants (Figure 7B). Solely inoculated IB
plants exhibited a 22% lower CAT activity than co-inoculated CA, CR, and CAR plants
under control conditions in the a[CO2] environment, with no significant difference in the
e[CO2] environment. During waterlogging, the difference in CAT activity between IB and
co-inoculated plants was 11% under a[CO2] and 55% under e[CO2]. During reoxygenation,
CAT activity was 16% higher for plants under a[CO2] and 15% higher for those under
e[CO2] than their respective controls. Differences persisted between control IB and co-
inoculated plants, 18% for a[CO2] and 2% for e[CO2]. Reoxygenated IB plants showed 7%
lower CAT activity than co-inoculated plants in a[CO2] and 3% lower in e[CO2].

APX activity increased by 26% in waterlogged plants grown under a[CO2] and by 91%
in those under e[CO2] compared to control plants (Figure 7C). Differences in APX activity
were noted between control IB and co-inoculated plants, with a difference of 18% under
a[CO2] and 5% under e[CO2]. Under waterlogging conditions, the difference between solely
inoculated IB and co-inoculated plants decreased to 11% for a[CO2] and increased to 12%
for e[CO2]. APX activity was higher in reoxygenated plants during reoxygenation than in
control plants, showing a 14% difference for a[CO2] and 17% for e[CO2]. Co-inoculated
CA, CR, and CAR plants in control conditions had 21% higher APX activity than solely
inoculated IB plants under a[CO2], with this difference decreasing to 2% in the e[CO2]
environment. Reoxygenated IB plants had APX activity 12% lower than co-inoculated
plants under a[CO2], while for e[CO2], the average difference between IB and co-inoculated
plants was 2% higher for co-inoculated plants.
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Figure 7. Antioxidant enzyme activity in roots. The activity of the enzymes superoxide dismutase
(SOD) (A), catalase (CAT) (B), and ascorbate peroxidase (APX) (C) in roots of soybean plants grown
under different CO2 concentrations (ambient concentration a[CO2] or elevated concentration e[CO2])
with different symbiotic associations and subjected to waterlogging (seven days) followed by re-
oxygenation (four days). Values represent the mean ± SD, n = 4. Asterisks indicate a difference
between control or waterlogged/reoxygenated plants (t-test; p < 0.05), uppercase letters indicate
differences between treatments under control conditions, lowercase letters indicate differences be-
tween treatments under waterlogging/reoxygenated conditions (Tukey, p < 0.05), and Greek letters
indicate differences between treatment in a[CO2] or e[CO2] (t-test; p < 0.05). IB—Bradyrhizobium inoc-
ulation; CA—co-inoculation with Azospirillum brasilense + Bradyrhizobium; CR—co-inoculation with
Rhizophagus intraradices + Bradyrhizobium; CAR—triple inoculation with Bradyrhizobium + Azospirillum
brasilense + Rhizophagus intraradices.
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Overall, the differences between control and waterlogged plants were greater during
waterlogging than those observed when comparing control and reoxygenated plants. These
differences varied according to CO2 level and the specific enzyme (SOD, CAT, and APX)
assessed, while the differences tended to be smaller during the reoxygenation period.

3.4. Effect of e[CO2] and Co-Inoculation on Fermentative Metabolism

Waterlogged plants exhibited increased fermentative metabolism in their roots, re-
gardless of CO2 level or microbiological treatment. The activities of lactate dehydrogenase
(LDH), pyruvate decarboxylase (PDC), alcohol dehydrogenase (ADH), and alanine amino-
transferase (Ala-AT) were assessed, with activities found in control plants being negligible
and primarily attributed to the experimental oxidation of NADH (Figure 8).

LDH activity was significantly lower in co-inoculated plants than solely inoculated IB
plants, with reductions of 34% in CA and 68% in CAR plants under a[CO2], while CR plants
showed no difference from IB plants (Figure 8A). In plants grown under e[CO2], LDH
activity was more pronounced in ambient CO2 conditions; however, CA and CAR plants
displayed similar reductions in LDH activity (83% and 67%, respectively) compared to IB
plants, with CR plants again showing no significant difference. During the reoxygenation
period, a[CO2] plants still exhibited reduced LDH activity, except for CAR plants, which
showed no detectable LDH activity. IB, CA, and CR plants exhibited LDH activity that did
not differ significantly from each other.

PDC activity significantly increased due to waterlogging, irrespective of CO2 levels
(Figure 8B). Under a[CO2], co-inoculated treatments CA and CAR reduced PDC activity by
34% and 80%, respectively, compared to IB plants, while CR treatment did not differ from
IB. In plants grown under e[CO2], PDC activity was markedly lower (by an average of 80%)
than in those grown under a[CO2]. Interestingly, CAR plants grown under e[CO2] exhibited
a 120% increase in PDC activity compared to IB plants, while CA and CR plants showed
no significant differences from IB. During reoxygenation, a[CO2] plants retained significant
PDC activity, with CA, CR, and CAR treatments exhibiting 30%, 11%, and 74% lower activity,
respectively, compared to IB plants with the highest activity. In e[CO2], PDC activity during
reoxygenation was equivalent to control levels for all treatments except CR and IB.

ADH activity increased significantly in plants grown under a[CO2] during waterlog-
ging; however, co-inoculated CA, CR, and CAR plants showed reduced ADH activity
compared to IB plants, with reductions of 43%, 20%, and 29%, respectively (Figure 8C).
Under e[CO2], the responses varied; CA plants had 26% lower ADH activity than IB, while
CR plants exhibited a 100% increase, and CAR plants had a 20% increase in ADH activity
compared to IB. During the reoxygenation period under a[CO2], IB plants maintained the
highest ADH activity, with CA and CR treatments showing reductions of 50% and 56%,
respectively, while CAR plants had no detectable ADH activity. In contrast, reoxygenated
plants grown under e[CO2] revealed CR treatment exhibiting the highest ADH activity,
approximately three times (206%) that of IB plants, with CA and CAR treatments showing
no significant differences from IB or their respective controls.

Ala-AT activity increased dramatically in waterlogged IB plants under a[CO2], with a
523% increase compared to control plants (Figure 8D). IB plants consistently showed the
highest Ala-AT activities, while co-inoculated CA, CR, and CAR plants had 37%, 54%, and
46% lower Ala-AT activity, respectively, compared to waterlogged IB plants. In the e[CO2]
environment, waterlogged CR plants displayed the highest Ala-AT activity, 61% higher than
that of IB plants, while CAR plants showed no significant difference from IB and CA plants
exhibited 69% lower Ala-AT activity. During the reoxygenation period, Ala-AT activity
was detectable; under a[CO2], only IB and CR plants had higher Ala-AT activity than their
respective controls, while IB plants in control conditions showed lower Ala-AT activity
compared to co-inoculated CA, CR, and CAR plants. In e[CO2], only the CR treatment
demonstrated higher Ala-AT activity than its respective control during reoxygenation.
Additionally, control plants from co-inoculated CA, CR, and CAR treatments in the e[CO2]
environment had higher Ala-AT activity than solely inoculated IB control plants.



Nitrogen 2024, 5 958

Nitrogen 2024, 5, FOR PEER REVIEW 20 
 

 

their respective controls, while IB plants in control conditions showed lower Ala-AT ac-

tivity compared to co-inoculated CA, CR, and CAR plants. In e[CO2], only the CR treat-

ment demonstrated higher Ala-AT activity than its respective control during reoxygena-

tion. Additionally, control plants from co-inoculated CA, CR, and CAR treatments in the 

e[CO2] environment had higher Ala-AT activity than solely inoculated IB control plants. 

Overall, the results indicate that waterlogging induces significant changes in fer-

mentative enzyme activities in roots, with varying effects influenced by CO2 levels and 

microbiological treatments. 

 

Figure 8. Fermentative enzyme activity. Activity of the enzymes lactate dehydrogenase (LDH) (A), 

pyruvate decarboxylase (PDC) (B), alcohol dehydrogenase (ADH) (C), and alanine aminotransfer-

ase (Ala-At) (D) in roots of soybean plants grown under different CO2 concentrations (ambient 

Figure 8. Fermentative enzyme activity. Activity of the enzymes lactate dehydrogenase (LDH) (A),
pyruvate decarboxylase (PDC) (B), alcohol dehydrogenase (ADH) (C), and alanine aminotransferase
(Ala-At) (D) in roots of soybean plants grown under different CO2 concentrations (ambient concentra-
tion a[CO2] or elevated concentration e[CO2]) with different symbiotic associations and subjected to
waterlogging (seven days) followed by reoxygenation (four days). Values represent the mean ± SD,
n = 4. Asterisks indicate a difference between control or waterlogged/reoxygenated plants (t-test;
p < 0.05), uppercase letters indicate differences between treatments under control conditions,
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lowercase letters indicate differences between treatments under waterlogging/reoxygenated condi-
tions (Tukey, p < 0.05), and Greek letters indicate differences between treatment in a[CO2] or e[CO2]
(t-test; p < 0.05). IB—Bradyrhizobium inoculation; CA—co-inoculation with Azospirillum brasilense
+ Bradyrhizobium; CR—co-inoculation with Rhizophagus intraradices + Bradyrhizobium; CAR—triple
inoculation with Bradyrhizobium + Azospirillum brasilense + Rhizophagus intraradices.

Overall, the results indicate that waterlogging induces significant changes in fer-
mentative enzyme activities in roots, with varying effects influenced by CO2 levels and
microbiological treatments.

3.5. Effect of e[CO2] and Co-Inoculation on Biometric Parameters and Total Soluble Sugars
3.5.1. Biometric Parameters

Waterlogging drastically reduced leaf area (LA) regardless of CO2 level or microbio-
logical treatment (Figure 9A). Plants grown under a[CO2] reduced LA 44% when subjected
to waterlogging, while plants grown under e[CO2] reduced LA 33% compared to their
respective control plants. Differences between microbiological treatments were also ob-
served, with solely inoculated IB plants in control conditions having 36% smaller LA than
co-inoculated CA, CR, and CAR plants under a[CO2]. The difference was reduced to 14%
when these plants were waterlogged, but co-inoculated plants still showed larger LA.
Plants grown under e[CO2] also differed between IB treatment and co-inoculation CA, CR,
and CAR plants, as co-inoculated plants in control conditions had 8% larger LA than IB
plants. This difference increased to 20% when waterlogged, maintaining higher values
in co-inoculated plants. During reoxygenation, plants grown under a[CO2] maintained
37% smaller LA compared to control plants, while plants grown under e[CO2] maintained
22% smaller LA compared to their respective control plants. The difference between solely
inoculated IB plants and co-inoculated CA, CR, and CAR plants in control conditions was
20% smaller under a[CO2], reducing to 14% during reoxygenation. The ratio between
control IB plants versus CA, CR, and CAR plants LA was 11% smaller for IB plants under
e[CO2], increasing to 22% during reoxygenation.

The shoot dry mass (SDM) decreased during waterlogging in plants grown under
a[CO2]; however, plants from CR and CAR treatments did not differ from their respective
control plants, contrary to what was observed in IB and CA plants, which significantly
reduced their SDM during waterlogging (Figure 9B). Plants grown under elevated CO2
reduced their SDM by 38% during waterlogging, regardless of microbiological treatment.
Differences between solely inoculated IB plants and co-inoculated CA, CR, and CAR plants
in control conditions were 10%, increasing to 23% when plants were subjected to waterlog-
ging in a[CO2] environment. When growing plants under e[CO2], the differences between
IB and CA, CR, and CAR plants were 20% in control conditions and 9% when plants were
waterlogged. During the reoxygenation period, differences between reoxygenated and con-
trol plants were even greater when comparing waterlogged versus control plants. Under
a[CO2], reoxygenated plants had 31% lower SDM than control plants, and this difference
was even greater under e[CO2], at 43%. During the reoxygenation period, regardless of
microbiological treatment, all plants had lower SDM when compared to their respective
control plants, with a difference between solely inoculated IB plants and co-inoculated CA,
CR, and CAR plants being 30% in control plants and 23% in reoxygenated plants when
grown under a[CO2]. Plants grown under elevated CO2 during reoxygenation also reduced
SDM regardless of microbiological treatment, with the SDM in solely inoculated IB control
plants being 19% lower than in co-inoculation treatments CA, CR, and CAR. This difference
was slightly smaller when evaluating these treatments under reoxygenation conditions,
but reoxygenated IB plants still had 15% less SDM than CA, CR, and CAR plants.

Regardless of microbiological treatment or CO2 level, waterlogged plants increased
their stem diameter (SD) (Figure 9C). When plants were grown under a[CO2], the increase
in SD due to waterlogging was 42%, whereas for plants grown under e[CO2], the increase in
SD due to waterlogging was 17%. The increase in SD due to co-inoculation (i.e., IB plants vs.
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CA, CR, and CAR plants) was 2% to 8% between control plants when grown under a[CO2]
and e[CO2], respectively. When comparing waterlogging plants under a[CO2] environment,
the average difference between IB plants and CA, CR, and CAR plants was 10%, increasing
to 14% when comparing this group of treatments under e[CO2]. During the reoxygenation
period, reoxygenated plants grown under a[CO2] still had a 16% larger SD when compared
to control plants, and reoxygenated plants grown under e[CO2] also had a 5% larger SD
when compared to their respective control plants. Co-inoculated CA, CR, and CAR plants
under a[CO2] and control conditions had a 5% larger SD than solely inoculated IB plants,
and this value was consistent for plants during the reoxygenation. Control plants from
co-inoculation treatments grown under e[CO2] had a 9% larger SD than solely inoculated
IB plants, increasing to 13% when these groups of plants were reoxygenated.
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Figure 9. Shoot biometric parameters. Leaf area (LA) (A), shoot dry mass (SDM) (B), and stem
diameter (SD) (C) in soybean plants grown under different CO2 concentrations (ambient concentration
a[CO2] or elevated concentration e[CO2]) with different symbiotic associations and subjected to
waterlogging (seven days) followed by reoxygenation (four days). Values represent the mean ± SD,
n = 4. Asterisks indicate a difference between control or waterlogged/reoxygenated plants (t-test;
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p < 0.05), uppercase letters indicate differences between treatments under control conditions, lower-
case letters indicate differences between treatments under waterlogging/reoxygenated conditions
(Tukey, p < 0.05), and Greek letters indicate differences between treatment in a[CO2] or e[CO2] (t-test;
p < 0.05). IB—Bradyrhizobium inoculation; CA—co-inoculation with Azospirillum brasilense + Bradyrhi-
zobium; CR—co-inoculation with Rhizophagus intraradices + Bradyrhizobium; CAR—triple inoculation
with Bradyrhizobium + Azospirillum brasilense + Rhizophagus intraradices.

3.5.2. Total Soluble Sugars and Root Fresh Weight

The total soluble sugar (TSS) content in roots decreased with waterlogging time, re-
gardless of microbiological treatment or the CO2 level at which the plants were grown
(Figure 10A). The amount of TSS in control plants grown under e[CO2] was 37% higher
than in control plants grown under a[CO2]; when the plants were waterlogged, this dif-
ference was 57%. Plants grown under a[CO2] reduced their TSS content by 46% when
waterlogged, while plants grown under e[CO2] reduced their TSS content by 37% compared
to their respective control plants. TSS content in solely inoculated IB plants was lower
than in co-inoculated CA, CR, and CAR plants, with a difference of 63% in plants grown
under a[CO2] and 43% in plants grown under e[CO2]. When plants were waterlogged,
differences between solely inoculated IB and co-inoculated CA, CR, and CAR were 12%
for a[CO2] and 33% for e[CO2]. During the reoxygenation period, the difference between
reoxygenated plants and their respective control plants was smaller than the difference
between waterlogged plants and their control plants, being 25% regardless of CO2 level.
During reoxygenation, differences persisted between solely inoculated IB and co-inoculated
CA, CR, and CAR plants, with co-inoculated plants showing higher TSS content than solely
inoculated IB plants, whether in control conditions of a[CO2] by 46% or under e[CO2] by
44%, or in reoxygenated conditions by 40% for plants grown under a[CO2] and 50% for
plants under e[CO2]. An important result is that co-inoculated plants accumulate more TSS
than solely inoculated plants, and plants grown under e[CO2] accumulate even more TSS
than plants grown under a[CO2]. However, IB plants grown under e[CO2] are equivalent
to co-inoculated plants grown under a[CO2], showing that co-inoculation and increased
CO2 levels have similar effects concerning the TSS levels.

Fresh root mass (FRM) decreased during waterlogging time, regardless of CO2 level;
however, for CAR plants grown under a[CO2], this reduction was not significant
(Figure 10B). Plants grown under a[CO2] reduced their FRM by 37% during waterlogging,
which was less when compared to waterlogged plants under e[CO2] and their respec-
tive control plants, being only 27% lower. Solely inoculated IB plants also differed from
co-inoculated CA, CR, and CAR plants, showing lower FRM, with a difference of 19%
for control plants grown under a[CO2] and 32% for control plants grown under e[CO2].
However, the difference between solely inoculated IB plants and co-inoculated CA, CR,
and CAR plants when exposed to waterlogging was 30% for plants grown under a[CO2]
and 36% for plants grown under e[CO2], with FRM always higher in co-inoculated plants.
During the reoxygenation period, differences persisted between reoxygenated and control
plants, with reoxygenated plants showing lower FRM when compared to control plants,
32% lower for a[CO2] and 44% lower for e[CO2]. The difference between solely inoculated
IB plants and co-inoculated CA, CR, and CAR plants in control conditions during this
period was 32% higher for co-inoculated plants grown under a[CO2] and 18% higher for
co-inoculated plants grown under e[CO2]. Among reoxygenated plants, co-inoculated CA,
CR, and CAR plants also had higher FRM when compared to solely inoculated IB plants,
being 24% higher when plants were grown under a[CO2] and only 2% higher when grown
under e[CO2].
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Figure 10. Root biometric parameters. Accumulation of total soluble sugars (TSS) (A) and root fresh
mass (RFM) (B) in roots of soybean plants grown under different CO2 concentrations (ambient concen-
tration a[CO2] or elevated concentration e[CO2]) with different symbiotic associations and subjected
to waterlogging (seven days) followed by reoxygenation (four days). Values represent the mean ± SD,
n = 4. Asterisks indicate a difference between control or waterlogged/reoxygenated plants (t-test;
p < 0.05), uppercase letters indicate differences between treatments under control conditions, lower-
case letters indicate differences between treatments under waterlogging/reoxygenated conditions
(Tukey, p < 0.05), and Greek letters indicate differences between treatment in a[CO2] or e[CO2] (t-test;
p < 0.05). IB—Bradyrhizobium inoculation; CA—co-inoculation with Azospirillum brasilense + Bradyrhi-
zobium; CR—co-inoculation with Rhizophagus intraradices + Bradyrhizobium; CAR—triple inoculation
with Bradyrhizobium + Azospirillum brasilense + Rhizophagus intraradices.

3.5.3. Principal Component Analysis and Hierarchical Clustering Analysis

The results for most variables showed clear differentiation between control plants
and those subjected to waterlogging and/or reoxygenation conditions. Plants were grown
under two CO2 concentrations: ambient (400 µmol mol−1, a[CO2]) and elevated
(750 µmol mol−1, e[CO2]). Additionally, plants were either inoculated with Bradyrhi-
zobium (IB) or co-inoculated with Azospirillum (CA), Rhizophagus (CR), or both (CAR). Given
the range of variables analyzed and the treatments applied, the results were consistently
presented by comparing these six main groups, with specific emphasis on microbiological
treatments when necessary.
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Principal component analysis (PCA) of leaf data (Figure 11) involved 16 variables
and used two principal components that explained 63.5% of the variation in plant shoot
responses. PC1 accounted for 43.1%, while PC2 explained 20.4%. The variables SOD, H2O2,
APX, CAT, SD, and MDA positively influenced PC1 in decreasing order of importance,
followed by Chlo_a, Ci, Chlo_Total, A, Carot, SDW, gs, E, and LA, which negatively influ-
enced PC1 in decreasing order. For PC2, the variables Ci, A, CAT, APX, LA, SOD, SDW,
and SD positively influenced the component, while E, gs, Carot, H2O2, Chlo_a, Chlo_Total,
Chlo_b, and MDA exerted a negative influence. The 95% confidence intervals, as shown in
Figure 11, revealed an intricate relationship among the plant groups studied, with greater
dispersion observed on the right side of the PCA plot, while the left side primarily included
groups that were more closely clustered and less dispersed.
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morphophysiological and biochemical characteristics in the shoots of soybean plants grown under 
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sampling during waterlogging; II—second sampling during reoxygenation; 400—plants grown 

Figure 11. Principal component analysis (PCA) was performed using PC1 and PC2 derived from
morphophysiological and biochemical characteristics in the shoots of soybean plants grown under
different symbiotic associations and subjected to waterlogging for seven days, followed by four days
of reoxygenation, under either elevated CO2 (e[CO2]) or ambient CO2 (a[CO2]) conditions. I—first
sampling during waterlogging; II—second sampling during reoxygenation; 400—plants grown under
a[CO2]; 700—plants grown under e[CO2]; Ctrl—plants maintained as hydric controls; Wtlg—plants
subjected to waterlogging; Rox—plants undergoing reoxygenation; IB—Bradyrhizobium inoculation;
CA—co-inoculation of Azospirillum brasilense and Bradyrhizobium; CR—co-inoculation of Rhizophagus
intraradices and Bradyrhizobium; CAR—triple co-inoculation of Bradyrhizobium, Azospirillum brasilense,
and Rhizophagus intraradices. Ellipses of different colors delineate the 95% confidence intervals, with
colors chosen according to the water treatment in each CO2 environment. Different symbols represent
the microbiological treatments.
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In contrast, PCA of root system data (Figure 12) explained 80.4% of the variance, with
PC1 accounting for 61.4% and PC2 representing 19%. For PC1, the variables with the most
positive impact were RFW and TSS, whereas CAT, SOD, APX, PDC, H2O2, Ala-AT, MDA,
and LDH had a negative influence, in decreasing order. For PC2, H2O2, MDA, PDC, and
LDH positively influenced the component, while Ala-AT, ADH, RFW, TSS, APX, SOD, and
CAT negatively influenced PC2. Similar to the shoot, an intricate relationship between
plant groups was observed in the roots, with more distinction on the left side of the PCA
plot while groups on the right were more clustered.
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Figure 12. Principal component analysis (PCA) was performed using PC1 and PC2 derived from
morphophysiological and biochemical characteristics in the roots of soybean plants grown under
different symbiotic associations and subjected to waterlogging for seven days, followed by four days
of reoxygenation, under either elevated CO2 (e[CO2]) or ambient CO2 (a[CO2]) conditions. I—first
sampling during waterlogging; II—second sampling during reoxygenation; 400—plants grown under
a[CO2]; 700—plants grown under e[CO2]; Ctrl—plants maintained as hydric controls; Wtlg—plants
subjected to waterlogging; Rox—plants undergoing reoxygenation; IB—Bradyrhizobium inoculation;
CA—co-inoculation of Azospirillum brasilense and Bradyrhizobium; CR—co-inoculation of Rhizophagus
intraradices and Bradyrhizobium; CAR—triple co-inoculation of Bradyrhizobium, Azospirillum brasilense,
and Rhizophagus intraradices. Ellipses of different colors delineate the 95% confidence intervals, with
colors chosen according to the water treatment in each CO2 environment. Different symbols represent
the microbiological treatments.
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Hierarchical clustering analysis (HCA) was employed to better visualize these dif-
ferences, enhancing the multivariate data interpretation. Similar to the PCA results, the
HCA analysis for the shoot (Figure 13) revealed four distinct groups. The first group was
characterized by high lipid peroxidation (increased MDA levels), with waterlogged plants
exhibiting the highest levels. Among the waterlogged plants, those grown under e[CO2]
showed lower lipid peroxidation. Regardless of CO2 concentration, plants inoculated only
with Bradyrhizobium (IB) exhibited the highest MDA levels compared to other microbial
treatments (CA, CR, and CAR). A similar pattern was observed for H2O2 production. The
second group was primarily influenced by enzymatic antioxidant activity, with increased
activity in waterlogged plants across both CO2 levels. Notably, plants grown under e[CO2]
exhibited higher enzymatic activity than those grown under a[CO2]. Significant differences
were observed between the IB and co-inoculation treatments (CA, CR, and CAR), irrespec-
tive of CO2 levels. Higher CAT activity was observed compared to APX under e[CO2],
while APX activity dominated under a[CO2].
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Figure 13. Hierarchical clustering analysis (HCA) of H2O2, MDA, Chlo_a, Chlo_b, SOD, CAT, and
APX enzyme activities, gas exchange parameters (gs, E, A, and Ci), and biometric measurements
(LA, SD, SDW) in the shoots of waterlogged soybean plants grown under elevated CO2 (e[CO2]) or
ambient CO2 (a[CO2]) conditions. Variations in red and blue colors indicate increases and decreases,
respectively, for each variable. Light gray shades represent control plants grown under a[CO2], while
dark gray shades represent waterlogged plants grown under a[CO2]. Red shades indicate control
plants grown under e[CO2], and blue shades represent waterlogged plants grown under e[CO2].

The third group was influenced by gs, E, Chlo_a, Carot, and LA, which all decreased
during waterlogging, regardless of CO2 concentration. However, plants grown under
a[CO2] exhibited higher averages, except for LA, which was greater in control plants
co-inoculated with CA, CR, and CAR under e[CO2]. Regarding microbial treatments,
control plants inoculated with IB and grown under a[CO2] had the highest carotenoid
and Chlo_a levels, while higher gs and E values characterized co-inoculated plants (CA,
CR, and CAR). The final group was influenced by Ci, SDW, and A, more representative
of control plants grown under e[CO2]. Waterlogging negatively affected these variables,
reducing them across both CO2 levels. Although not significantly different among microbial
treatments, Ci remained elevated during waterlogging. SDW and A were significantly
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higher in co-inoculated plants, with greater responsiveness under e[CO2]. Interestingly,
under control conditions at e[CO2], CR-treated plants had higher SDW, while CA or CAR
treatments had higher averages for A and LA. Notably, CA-treated plants did not group
with IB-treated plants.

During reoxygenation, the shoot results for HCA (Figure 14) began to resemble those
of control conditions, reducing the number of treatment groups to three: control plants
under e[CO2], control plants under a[CO2], and plants undergoing reoxygenation. This
contrasts with the four groups observed during waterlogging.
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Figure 14. Hierarchical clustering analysis (HCA) of H2O2, MDA, Chlo_a, Chlo_b, SOD, CAT, and
APX enzyme activities, gas exchange parameters (gs, E, A, and Ci), and biometric measurements
(LA, SD, SDW) in the shoots of reoxygenated soybean plants grown under elevated CO2 (e[CO2]) or
ambient CO2 (a[CO2]) conditions. Variations in red and blue colors indicate increases and decreases,
respectively, for each variable. Light gray shades represent control plants grown under a[CO2], while
dark gray shades represent waterlogged plants grown under a[CO2]. Red shades indicate control
plants grown under e[CO2], and blue shades represent waterlogged plants grown under e[CO2].

HCA analysis of the root system (Figure 15) did not yield the same four groups seen
in the shoot. Plants grown under e[CO2] had higher TSS concentrations and RFW than
those grown under a[CO2]. Under waterlogging, both TSS and RFW decreased, with
co-inoculated plants showing higher TSS and RFW levels regardless of CO2 concentration.
The antioxidant system (CAT, SOD, and APX) was more strongly induced in plants grown
under e[CO2] compared to a[CO2], with its activity increasing during waterlogging at both
CO2 levels. Although H2O2 and MDA were not influenced by CO2 concentration, their
levels significantly increased during waterlogging, with higher values observed in plants
grown under a[CO2]. Fermentative metabolism was also induced by waterlogging, with
enzymes ADH, PDC, and Ala-AT showing lower activity in plants grown under e[CO2]
compared to a[CO2].
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Figure 15. Hierarchical clustering analysis (HCA) of H2O2, MDA, TSS, SOD, CAT, APX, ADH, LDH,
PDC, and Ala-AT enzyme activities, as well as RFW in the roots of waterlogged soybean plants grown
under elevated CO2 (e[CO2]) or ambient CO2 (a[CO2]) conditions. Variations plotted in red and blue
colors on a log10 scale indicate increases and decreases, respectively, for each variable. Light gray
shades represent control plants grown under a[CO2], while dark gray shades denote waterlogged
plants grown under a[CO2]. Red shades indicate control plants grown under e[CO2], and blue shades
represent waterlogged plants grown under e[CO2].

Interestingly, fermentative enzyme activity was higher in IB-treated plants, while
co-inoculated plants (CA, CR, and CAR) showed reduced fermentative activity. Lactic
fermentation was more prevalent than alcoholic fermentation under a[CO2], especially in
IB and CR treatments. Under e[CO2], both LDH and ADH activities were highest in IB and
CR treatments, while alcoholic fermentation dominated in CA and CAR treatments.

During reoxygenation, the root system did not separate into four groups (Figure 16),
with only control and reoxygenation groups being distinguishable. Co-inoculated plants
showed higher TSS and RFW levels, with both variables significantly higher under e[CO2].
Although RFW did not increase significantly during reoxygenation, TSS accumulation
was restored, particularly in co-inoculated plants under e[CO2], with IB plants having the
lowest TSS content. The antioxidant system (CAT, SOD, and APX) remained active during
reoxygenation, with co-inoculated plants showing significantly higher activity compared
to IB-only plants under a[CO2]. Under e[CO2], the difference between co-inoculated and
IB-only plants was smaller, likely due to the effect of e[CO2] on increasing enzymatic
activity. Similar patterns were observed for H2O2 and MDA, with lower levels of peroxide
and lipid peroxidation levels in plants grown under e[CO2]. Fermentative metabolism
remained active under a[CO2], while co-inoculated plants and those grown under e[CO2]
showed reduced fermentative enzyme activity after reoxygenation.
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Figure 16. Hierarchical clustering analysis (HCA) of H2O2, MDA, TSS, SOD, CAT, APX, ADH, LDH,
PDC, and Ala-AT enzyme activities, as well as RFW in the roots of reoxygenated soybean plants
grown under elevated CO2 (e[CO2]) or ambient CO2 (a[CO2]) conditions. Variations plotted in red
and blue colors on a log10 scale indicate increases and decreases, respectively, for each variable.
Light gray shades represent control plants grown under a[CO2], while dark gray shades denote
waterlogged plants grown under a[CO2]. Red shades indicate control plants grown under e[CO2],
and blue shades represent waterlogged plants grown under e[CO2].

4. Discussion

During waterlogging, the reduction observed in A, gs, E, and Ci was already expected,
as described by [29,41]. Waterlogging reduces water absorption through aquaporins, which
automatically limit the gas exchanges in plant leaves [42]. Lower rates of A in waterlogged
plants are also related to a possible decrease in carbon at the active site of Rubisco caused
by the reduction in gs, which limits the diffusion of CO2 [43]. We observed that the Ci
of IB plants grown in a[CO2] was the lowest value found. In contrast, e[CO2] improved
the performance of gs, E, and Ci and enhanced A across all treatments. In plants with C3
photosynthetic metabolism, this improved performance in gas exchanges under e[CO2]
can be attributed to reduced photorespiration and greater water use and efficiency [43].
The reduced waste of energy, water, and carbon due to decreased photorespiration in
plants grown in e[CO2] likely counteracts the harmful effects of waterlogging on soybean
gas exchanges.

Furthermore, plants grown in e[CO2] show better nodulation and N2 fixation, a
metabolism severely affected by waterlogging [14,44,45]. Thus, e[CO2] also supports
nitrogen metabolism, as plants with improved nitrogen metabolism perform better under
waterlogging conditions [46,47]. This improved performance is primarily due to signaling
and detoxification by nitric oxide (NO) and nitrogen recycling between the aerial part,
under normoxia, and the root system (under hypoxia) [45,48].

It was also found that co-inoculated plants CA, CR, and CAR, regardless of the
cultivation environment, a[CO2] or e[CO2], showed better responses in the gas exchange
parameters A, gs, E, and Ci under waterlogging conditions. When plants are co-inoculated,
they exhibit improvements in P and N metabolism, which greatly enhances their response
to waterlogging [49,50]. Co-inoculated plants CA, CR, and CAR also have higher expression
of genes related to aquaporin activity, so it is possible that changes in aquaporin activity
help during stress, improving overall plant responses to waterlogging [51,52].

During the reoxygenation period, it was noticed that just four days were insufficient for
plants to reach the A values of control plants in the a[CO2] environment. However, under
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the e[CO2] environment, reoxygenated plants managed to reach the levels of their respective
control plants, indicating that the issue is indeed directly related to the lack of carbon, even
during reoxygenation. The recovery of A during reoxygenation is not a common occurrence
in soybean plants [29]. However, in CA and CAR plants, A levels reached those of control
plants even under the a[CO2] environment. Among the co-inoculation treatments, the
most efficient response with Azospirillum might be related to the resumption of nitrogen
fixation and phytohormone synthesis [49,50,53]. This recovery is likely related to increased
activity of the enzyme nitrogenase, considering that the main N source in plants associated
with PGPB is the atmospheric N2 [54]. In plants co-inoculated with Rhizophagus, the best
responses might be related to increased phosphorus absorption and assimilation [55,56].

It is known that plants associated with mycorrhizas exhibit better nutrient absorption
rates, and when co-inoculated with diazotrophs, N2 fixation is improved [53,56,57]. Both
P and N metabolisms can influence A rates. Phosphorus metabolism is directly linked to
energy production cellular structures as components of phosphoric esters, phospholipids,
nucleotides, such as ATP, and nucleic acids (DNA, RNA) [58]. Nitrogen metabolism is
associated with the production of amino acids, proteins, enzymes, coenzymes, nucleic acids,
vitamins, lipoproteins, and chlorophylls. Thus, co-inoculated plants can better respond
in the post-stress period [59]. It is also possible that increased demand for carbohydrates
due to the presence of more microorganisms serves as a stimulus for the plant to rapidly
increase its photosynthesis during reoxygenation to sustain microbiological interactions.

Photosynthetic pigments are typically reduced during waterlogging, either due to
ROS action on chloroplast membranes or to nitrogen deficiency from reduced fixation,
which may lead the plant to nitrogen remobilization [29,47,60]. The IB treatment reduced
the Chl_a content but increased Chl_b, showing no difference in total Chl content during
waterlogging. Changes in chlorophyll ratios are related to the plant’s attempts to overcome
stress. Kim et al. [61] showed that after nine days of waterlogging, it was possible to
separate tolerant from sensitive plants by evaluating chlorophyll content in the first fully
expanded leaf, though the author found no differences before six days of treatment. In
this study, the most significant reductions were observed during the reoxygenation period.
These reductions likely occurred for the same reasons: ROS and nitrogen deficiency, as
during reoxygenation, plants still exhibited higher levels of H2O2, and fixation likely had
not yet been fully restored.

The pigment vs. waterlogging dynamics are altered by co-inoculation [62,63]. Photo-
synthetic pigments (Chl_a, Chl_b, Car) protect the plant against oxidative damage caused
by radiation excess, which should occur due to reduced photosynthetic efficiency during
waterlogging. Studies with priming indicate better pigment accumulation responses under
waterlogging conditions, providing aspects of waterlogging tolerance [64,65]. Pigments
and the photorespiratory cycle’s carbon oxidation in C3 plants provide a baseline level of
protection against excess light energy, quickly quenching the excited state of chlorophyll,
dissipating excess adenosine triphosphate (ATP), and reducing the light reactions of photo-
synthesis, respectively [66]. In cases of leaf senescence and pigment degradation, these can
be used as a nutrient source for young leaves, particularly N, considering that fixation is
limited by waterlogging [67]. This nutrient remobilization during or after stress may be an
alternative for the plant to overcome the stressful situation, especially if co-inoculation CA,
CR, and CAR enhance this nitrogen remobilization.

Co-inoculated plants can increase pigment levels even under water deficit, maintain-
ing better photosynthetic responses [68]. For other authors [69,70], the higher concentration
of pigments in plants co-inoculated with plant PGPB is attributed to hormonal modulation
by microorganisms in the plant, primarily auxin. Meanwhile, ethylene promotes Chloro-
phyllase genes and induces accelerated chlorophyll destruction [71]. Auxin and cytokinins
inhibit chlorophyll loss during wheat chloroplast aging in vivo and in vitro [71]. The mod-
ulation of phytohormones by microorganisms results in reduced losses of photosynthetic
pigments under stress conditions.
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The accumulation of ROS during waterlogging is a common answer, as it happens
with other stresses [72]. In the early hours of waterlogging, the increase in H2O2 levels is
seen as a signaling response [60]. The problem arises as H2O2 levels increase over time to
the point of causing cellular damage, such as lipid peroxidation (MDA). In leaves, during
waterlogging, two major sources of H2O2 are enhanced: the first is the electron transport
chain of photosynthesis. With reduced photosynthetic efficiency, electrons are released into
the intermembrane space, which reacts with oxygen to form a superoxide anion, harming
the cells. The second source is photorespiration, which is also increased with reduced
photosynthetic efficiency, driven by reduced gs, E, and Ci, resulting in higher oxygenase
activity of Rubisco.

In the roots, there is also an increase in H2O2 levels, mainly in the initial period of
waterlogging [60]. Over time, the trend is for H2O2 levels in roots to decrease, possibly due
to a lack of oxygen. Nevertheless, MDA levels remain high in hypoxic roots, likely due to
the lack of an efficient antioxidant system. In roots, the main source of H2O2 production is
the mitochondrial electron transport chain at the end of respiration. What was observed in
this study is that regardless of the tissue, leaf, or root, in e[CO2] environments, there is a
reduction in H2O2 production and lower MDA, indicating that e[CO2] may mitigate the
deleterious effects of waterlogging.

In leaves, the beneficial effect of e[CO2] is likely related to lower rates of photorespira-
tion [43]. Nevertheless, it was found that in roots, approximately half of the MDA content
was found in leaves. In roots, it is believed that this effect is indirect; e[CO2] improved
the performance of the antioxidant system (CAT, SOD, and APX antioxidant enzymes),
which in turn detoxifies the stress-related ROS, as seen in other cases [73–75]. Mitigating
effects on oxidative stress were also observed in co-inoculated plants from CA, CR, and
CAR treatments, proving that co-inoculation can contribute to improving plants’ responses
to stress-related elevated levels of H2O2 and MDA, both in roots and leaves.

During the reoxygenation period, oxidative stress tends to increase, especially in
sensitive species, regardless of whether the treatments have mitigating effects, though
comparable results are described in the literature [46,60,64,76]. This increase in H2O2
during the reoxygenation period is linked to the reoxygenation of the root system. The
rapid increase in O2 in previously hypoxic roots results in oxidative damage to membranes
during reoxygenation. Even though antioxidant activity is elevated, it is not sufficient
to mitigate the effect of high H2O2 levels. What was observed in the study is that in
co-inoculated plants from CA, CR, and CAR treatments, lower levels of MDA are related to
the higher antioxidant activity of the SOD, CAT, and APX enzymes.

It is believed that the mitigation of oxidative stress by microorganisms is due to the
activation of the antioxidant system (CAT, SOD, and APX enzymes) because of systemic
acquired resistance and systemic induced resistance, SAR, and SIR, respectively [24,77,78].
When the plant first encounters one microorganism, it is perceived as a pathogen, acti-
vating its defense mechanisms and assisting in future stresses. Since microorganisms are
also subjected to waterlogging stress, it is believed that the plant’s and microorganisms’
antioxidant activities converge in combating ROS. In CA, CAR, and CAR co-inoculated
plants, the activity of antioxidant enzymes may be mediated by more rapid and effective
signaling. Other studies show that more robust plants, with greater biomass, higher nutri-
ent absorption, particularly P and N, higher sugar concentrations, supported by increased
A, and better water use and efficiency, among other characteristics, exhibit better perfor-
mance when dealing with stressful situations [54,79–82]. Literature data on co-inoculation
with Azospirillum describe the direct influence of the microorganism on the expression of
antioxidant system-related genes, as well as the action of phytohormones modulating the
activity of SOD, CAT, and APX enzymes [57,78,83].

Supposedly, the mechanisms of waterlogging tolerance resulting from co-inoculation
are the same as those involved in tolerance to other stresses, including biotic stresses.
Indeed, co-inoculation promoted an increase in the antioxidant system in soybean plants in-
fected by Macrophomina phaseolina [63] and in sunflower plants subjected to saline stress [84].
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Co-inoculation with Rhizophagus under waterlogging conditions is certainly an alternative
for promoting stress tolerance and mitigating oxidative damage. Similarly, co-inoculation
with Azospirillum is directly related to the promotion of plant growth and improvements in
responses to oxidative stress [85,86].

The plant perceives the reduction in oxygen levels in the plant root system imposed
by waterlogging through a family of ethylene-responsive sensors (VII (ERF-VII)) [87]. The
perception of these sensors triggers a series of signals in the plants, activating genes that
promote physiological and anatomical adaptations in response to stress. Among these
responses are the activation of fermentative metabolism, formation of aerenchyma, and
adventitious roots [86,87]. At the same time, as the plant perceives the reduction in O2 levels,
there is also a reduction in energy production in the form of ATP generated by the electron
transport chain [47]. With the lack of O2 to receive electrons in the mitochondria, the electron
flow is reduced, which not only decreases energy production but also causes alterations
and accumulation of Krebs cycle intermediates, especially pyruvate, that consequently
are consumed by fermentative enzyme activity, making it possible for plants to keep at
least a minimum ATP production at substrate level and regenerating the NAD+ needed to
maintain the glycolysis [87–89].

Three points stand out regarding the results of fermentative enzymes in the study. The
first is the lower activity of the enzymes in co-inoculated plants (CA, CR, and CAR), sug-
gesting that fermentative metabolism is less induced. The second point addresses the shift
between alcoholic and lactic fermentation between the a[CO2] and e[CO2] environments.
The third point refers to the lower fermentative activity in plants grown in e[CO2]. The
alteration between alcoholic and lactic fermentation is common in soybean plants that are
either sensitive or tolerant to waterlogging, with tolerant plants exhibiting higher lactic
fermentation [41]. In this study, we observed higher alcoholic fermentation in plants grown
in e[CO2], which may be directly related to the higher availability of carbon, as carbon is
not a metabolic limiting factor under this condition.

Furthermore, plants grown in e[CO2] showed better responses in the fermentative
enzymes during this study. Thus, it is believed that lower activities of the enzymes LDH,
PDC, ADH, and Ala-At complement the other obtained results, even though fermentative
metabolism regulation is a mechanism related to the waterlogging tolerance, as plants
may have adopted other mechanisms to overcome stress. This may also be related to the
improvements in biometric parameters found in the roots of plants grown under e[CO2].
For instance, these plants exhibited a larger stem diameter, which suggests the possible
formation of aerenchyma, providing O2 to the root cells, thus allowing minimal activity
of the respiratory electron transport chain on roots, helping plants obtain better results on
other analyzed variables.

Plants grown under e[CO2] exhibited higher A, which may have resulted in greater
accumulation of TSS in the roots; this result was also observed in co-inoculated plants.
Co-inoculation (CA, CR, and CAR) generates a higher demand for TSS in the roots due to
requiring greater exchanges between plants and microorganisms. This accumulation of
TSS in the roots probably occurred before waterlogging, as evidenced by the control plants’
results, as observed in the results from gas exchange under e[CO2] and co-inoculations
in both environments, which showed higher TSS levels. Even so, during waterlogging,
TSS was reduced across all treatments. Other authors have reported related results [8,64].
During waterlogging, reductions in TSS are normal due to reductions in A and the use
of TSS to sustain glycolytic reactions induced by the hypoxic roots’ environments during
waterlogging, consuming the cell’s carbon stock to cope with the lack of oxygen.

It was observed that both plants grown in e[CO2] and co-inoculated plants had a higher
RFW. This is related to a higher accumulation of TSS in the roots, regardless of waterlogging.
Nevertheless, during waterlogging, there is a reduction in RFW, as described by other
researchers [29,41,64,76]. The promotion of root growth by microorganisms, whether by
Azospirillum or Rhizophagus, is extensively reported in the literature and is usually explained
by hormonal action and increased nutrient absorption [56,62].
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The results show that a four-day reoxygenation period was insufficient to complete
plant recovery, regardless of CO2 levels in the environment, and this may be related as
we have used a sensitive soybean genotype as a way to better explore possible induced
tolerance by studied factors, more specifically the influence of the co-inoculation of the
plants in the climate change context. However, it is possible to notice that reoxygenated
plants had higher concentrations of TSS and RFW compared to the waterlogged plants. This
may have occurred because control plants continued to develop, making it impossible for
stressed plants to recover to the same level. Still, it is noted that plants grown in e[CO2] had
a faster recovery during reoxygenation when compared to plants grown in a[CO2]. This can
be an advantage that C3 plants may have when carbon and nitrogen metabolism present
better maintenance due to the increasing of atmospheric CO2 and the use of co-inoculation
practices in the future.

Plants co-inoculated under normal conditions exhibit higher photosynthetic rates,
efficient water use, nutrient assimilation, antioxidant capacity, and better growth rates,
among other important characteristics also found in plants grown in e[CO2] with or without
stress influence. Thus, due to co-inoculation with the PGPB and mycorrhizae, CA, CR, and
CAR and/or cultivated under e[CO2], more robust plants can better withstand waterlogging
stress. The same applies during the reoxygenation period for roots, where microorganisms’
co-inoculation also makes a significant difference. Thus, co-inoculating plants, especially
considering an increasingly CO2-rich environment, may help enhance plant tolerance to
stress and ensure productivity under adverse conditions, especially waterlogging, as we
have found.

5. Conclusions

The best responses to waterlogging were observed in co-inoculated plants grown
under e[CO2]. However, equivalent results were obtained with co-inoculated plants under
a[CO2]. Co-inoculation in soybeans improves plant performance under waterlogging
conditions in a way comparable to the increase in atmospheric CO2. However, while the
increase in CO2 has negative environmental impacts, co-inoculation is a sustainable and
environmentally friendly practice. Plant growth-promoting microorganisms, in conjunction
with nitrogen fixers, can mitigate the deleterious effects of waterlogging, offering benefits
comparable to those promoted by elevated CO2. Considering the challenges posed by
climate change, co-inoculation emerges as a promising and sustainable alternative to
mitigate the negative effects of waterlogging on plants. More studies on this topic are
on course to try elucidating other aspects of co-inoculation on soybean plants facing
waterlogging stress.
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