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Impact of an antarctic rhizobacterium on root traits and
productivity of soybean (Glycine max L.)
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aDepartment of Plant Sciences, University of California, Davis, Davis, CA, USA; bSchool of Integrative Plant
Science, Cornell University, Ithaca, NY, USA; cUniversidad Aut�onoma de Chile, Chile

ABSTRACT
Inoculation of crop plants with beneficial root-associated microorganisms
may be a useful strategy for sustainable intensification of agriculture. In
recent years, interest has grown in using rhizobacteria from extreme envi-
ronments to develop high-performing inoculants, as some strains may pos-
sess plant-growth promoting traits and increase host fitness under abiotic
stress. Only two vascular plant species – Antarctic hair grass (Deschampsia
antarctica) and Antarctic pearlwort (Colobanthus quitensis) – are currently
found on the Antarctic continent, one of the most extreme environments
on Earth. Few studies have examined the rhizosphere microorganisms
associated with these two plants and their potential contribution to crop
nutrition, productivity, and stress tolerance. The present study assesses the
potential of a novel rhizobacterium extracted from the rhizosphere of
Deschampsia antarctica, Pseudomonas sp. ATCC PTA-122608, to improve
growth of soybean (Glycine max L.) and investigates potential underlying
mechanisms. Soybean plants were grown for 118days in a glasshouse
study and plant growth, nutrition, and root systems were analyzed.
Inoculation with both the bacterial treatment and sometimes the kaolin
substrate increased root biomass, the production of medium-diameter and
coarse roots, nodulation by Bradyrhizobium japonicum, total biomass pro-
duction, and C/N accumulation. These results indicate that ATCC PTA-
122608 inoculation with kaolin substrate can promote soybean nutrition
and productivity, potentially via modification of root system architecture
and enhancement of the soybean-rhizobia symbiosis. Broadly, our work
demonstrates the potential for rhizosphere microorganisms from extreme
environments to promote the growth of economically and nutritionally
important crops by influencing plant root architectural traits and plant-
microbe interactions.
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Introduction

Rhizosphere bacteria and fungi influence several aspects of plant growth and development
(Bakker et al. 2012; Panke-Buisse et al. 2014; Lu et al. 2018). Despite recent advances in our
understanding of rhizosphere assembly and plant-microbe interactions (Philippot et al. 2013; De-
la-Pe~na and Loyola-Vargas 2014; Poole 2017), the rhizosphere still holds a largely untapped reser-
voir of biodiversity from which high-performing microbial inoculants may be derived.
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Applications of inoculants containing beneficial microorganisms to crops could help sustain or
intensify agricultural production with fewer resources and aid in cultivation of marginal lands
(Bhardwaj et al. 2014; Garc�ıa-Fraile, Men�endez, and Rivas 2015; Ahmad et al. 2018).

Through millions of years of co-evolution, rhizosphere symbionts have contributed to the fit-
ness and adaptive plasticity of plant traits (Friesen et al. 2011; Rao et al. 2016; Timmusk et al.
2014; Yang, Kloepper, and Ryu 2009), especially in harsh environments (Goh et al. 2013; Gopal
and Gupta 2016; Li et al. 2018). Several studies have highlighted the ability of plant growth pro-
moting rhizobacterial (PGPR) strains to promote plant growth under abiotic stresses through
multiple direct and indirect mechanisms (Yang, Kloepper, and Ryu 2009; Shrivastava and Kumar
2015; Enebe and Babalola 2018). However, thousands of years of crop improvement in high-input
agricultural systems may have altered root adaptation to resource-poor environments and recruit-
ment of beneficial microbes to the rhizosphere (Brisson et al. 2019; Perez-Jaramillo, Mendes, and
Raaijmakers 2016; Schmidt, Bowles, and Gaudin 2016; Schmidt et al. 2020; Wissuwa, Mazzola,
and Picard 2009). Biofertilizers developed from extremophilic microorganisms could thus be a
promising strategy to shape root and rhizosphere traits that increase resource use efficiency and
sustainable productivity in high-input systems (Grover et al. 2011; Ramadoss et al. 2013).

With year-round snowfall, extreme cold, and limited nutrient availability, Antarctica is one of
harshest environments on Earth and only two vascular plant species – Antarctic hair grass
(Deschampsia antarctica) and Antarctic pearlwort (Colobanthus quitensis) – have been able to
successfully survive on the continent. Co-evolved rhizosphere microorganisms have likely facili-
tated persistence of these hosts in such an extreme environment by conferring a fitness advantage
through alteration of root traits and phytohormone metabolic pathways (Glick 2012). However,
whether Antarctic rhizobacteria can improve productivity of agriculturally relevant non-host
plants such as soybean (Glycine max L.) has not been explored.

Recent work has suggested extremophile rhizosphere microorganisms, including those found
in Antarctica, can improve plant abiotic stress tolerance in non-host species. Work by Fardella
et al. (2014) demonstrated that fungal endophytes isolated from Antarctic plants improved the
survival and water use efficiency of several tree and shrub species in xerophytic formations.
Beneficial effects of extremophilic rhizosphere microorganisms on non-host plants were further
demonstrated by Acu~na-Rodr�ıguez et al. (2019), where rhizosphere consortia reduced osmotic
stress in lettuce. In combination with past work showing PGPR can directly alter root systems (El
Zemrany et al. 2007; Poitout et al. 2017), these results suggest that certain strains of rhizobacteria
from Antarctica may be useful tools in promoting abiotic stress tolerance and productivity in
important crop species. In this study, we test the effects of inoculation with Pseudomonas sp.
ATCC PTA-122608, a newly discovered Antarctic rhizobacterium from the rhizosphere of D. ant-
arctica, on root growth and productivity of soybean. Given the origin of ATCC PTA-122608
from an extreme environment and evidence that other members of the genus Pseudomonas can
promote plant growth (Choudhary et al. 2009), we hypothesized that inoculation would increase
soybean productivity by altering root and rhizosphere traits. Further, because interactions
between Pseudomonas and rhizobial species have been observed (Andrade, De Leij, and Lynch
1998; Egamberdieva et al. 2010), we hypothesized that this strain would also promote rhizobial
nodulation of soybean roots.

Materials and methods

Plant material and growth

Glasshouse trials were performed at the University of California, Davis Environmental
Horticulture Glasshouse Facility from May 6th, 2016 to September 1st, 2016 (25 �C/17 �C day/
night temperature with natural light). Soybean seeds (Peaceful Valley Farm Supply Co., Grass
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Valley, CA, USA) were coated with powdered rhizobium (Bradyrhizobium japonicum) and
planted into trays containing 1:1:1 (v/v/v) peat:sand:redwood compost potting medium. Five
weeks after germination, seedlings were transplanted into 11.3 L pots containing the same potting
medium. Plants were arranged on a single glasshouse bench in a completely randomized design.

One seedling was transplanted per individual pot. Three days after transplanting, ten plants
were inoculated with 200mL of a solution containing 104 colony forming units (CFU) mL�1 of
Pseudomonas sp. ATCC PTA-122608 formulated into a biofertilizer using kaolin as a substrate
for a total of 2,000,000 CFU per plant (inoculated treatment). Ten plants received 200mL of
deionized water only (non-inoculated control) and ten received 200mL of a solution containing
kaolin only (substrate control). Plants were watered daily with 670mL of deionized water
until harvest.

Root traits, biomass, and nutrient analysis

Aboveground and belowground plant biomass was harvested 118 days after planting. Roots were
preserved in deionized water for analysis of root architecture using WinRHIZO (Reagent
Instrument, INC.) shortly after harvest. To analyze potential shifts in root system architecture
(i.e., variation in root order), the entire root system was scanned and images were analyzed using
color analysis with three color classes (dark root, light root, and background) and three distinct
diameter classes (fine root (d< 0.5 cm), intermediate root (0.5 cm< d< 1cm) and coarse root
(d> 1cm)). Specific root length (SRL, cm g�1) was calculated by dividing the total root length by
dry root weight for each plant. Nodulation was also recorded by manually counting nodules on
the entire root system. Root and shoot tissues including root nodules were dried at 60 �C for
three days and weighed. Plant total carbon (C) and nitrogen (N) were measured on dried leaf tis-
sue using a TruSpec CN analyzer at the University of California, Davis Analytical Laboratory
(Davis, CA, USA).

Statistical analyses

Data were analyzed using R 3.5.1 (R Foundation for Statistical Computing). Analysis of variance
(ANOVA) was used to test the effect of treatments on plant traits. A linear model was created to
assess the effect of bacterial treatment on each response variable and a one-way ANOVA on each
model was used to test for significant differences. Residuals were tested for homogeneity and nor-
mality using Levene’s test and the Shapiro-Wilk test, respectively. Data transformations were per-
formed as necessary to meet model assumptions. Multiple pairwise comparisons of least square
means were performed using the Tukey method of p-value adjustment with a significance level of
alpha ¼ 0.05.

Results

Inoculation of soybean with ATCC PTA-122608 increases plant growth

We measured the impact of inoculation with ATCC PTA-122608 on biomass accumulation, parti-
tioning between shoot and roots, and plant nutrition (Table 1). Inoculation increased total dry
biomass production by 71% (p< 0.05) and total C accumulation by 64% (p< 0.05) compared to
the non-inoculated control, while the substrate control did not differ significantly from the other
treatments. In addition, inoculated plants contained 55% (p< 0.05) more N when compared to
the non-inoculated controls. Inoculation also increased root dry weight by 110% (p< 0.001) and
65% (p< 0.05) compared to the non-inoculated and substrate controls. As a result, root:shoot
(R:S) ratio did not vary among any bacterial treatments.
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Inoculation promotes the development of coarse roots

Inoculation altered root system architecture toward more large diameter roots (Figure 1).
Increases in total root length of inoculated plants were not significant, despite their greater
root biomass. Medium root length of the inoculated plants was 54% (p< 0.05) greater than the
substrate control plants, while coarse root length of the inoculated plants was 53% (p< 0.1)
and 69% (p< 0.05) greater than the non-inoculated and substrate control plants, respectively
(Figure 1A). Fine root length did not differ between any of the treatments. Total root surface
area was 36% greater in the inoculated plants compared to the substrate controls (p< 0.05),
while the non-inoculated controls did not differ between the other two treatments (Figure 1B).
Fine root surface area did not differ between treatments, but coarse root surface area was 67%
greater in inoculated plants compared to the substrate controls (p< 0.05). Medium root surface
area was also 52% greater in inoculated plants compared to the substrate controls (p< 0.05).
SRL was 71% (p< 0.05) and 41% (p< 0.05) greater in non-inoculated plants compared to the
inoculated and substrate controls, respectively (Figure 1C).

Inoculation enhances nodulation

Inoculation increased nodulation by 122% (p< 0.001) and 102% (p< 0.001) compared to the
non-inoculated and substrate controls, respectively (Figure 2A). Nodulation per unit root
length was 70% higher in inoculated plants when compared to the non-inoculated controls
(p< 0.05), while the substrate control did not differ between the other two treatments
(Figure 2B).

Figure 1. A) Total root length and B) root surface area in soybean plants inoculated with Pseudomonas sp. ATCC PTA-122608,
not inoculated, or inoculated with a substrate control, partitioned by root diameter class. C) Specific root length in each treat-
ment. Letters indicate significant differences between treatments at the p¼ 0.05 level. Letters in A) and B) represent compari-
sons between treatments for each diameter class as well as total root length and surface area. Error bars indicate standard error.

Table 1. Mean total shoot dry weight, total root dry weight, total dry weight, total plant carbon, and total plant nitrogen for
each treatment with standard errors and ANOVAs.

Means
Total Shoot Dry Weight

(g.plt-1)
Total Root Dry Weight

(g.plt-1)
Total Dry Weight

(g.plt-1)
Total Plant

Carbon (g.plt-1)
Total Plant

Nitrogen (g.plt-1)

Inoculated 195 ± 11a 24.2 ± 1.8a 220 ± 12a 88 ± 5a 6.01 ± 0.23a

Non-inoculated 117 ± 17b 11.5 ± 1.3b 128 ± 19b 53 ± 10b 3.85 ± 0.45b

Substrate Control 149 ± 18ab 14.6 ± 2.0b 163 ± 19ab 67.7 ± 4ab 4.97 ± 0.3ab

ANOVA
Inoculation 0.006�� 0.001��� 0.003�� 0.03� 0.01�
Letters represent pairwise comparisons between treatment.�Significance at the p¼ 0.05 probability level.��Significance at the p< 0.01 probability level.���Significance at the p¼ 0.001 probability level.
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Discussion

The goal of this experiment was to assess the potential of a novel Antarctic rhizobacterium,
Pseudomonas sp. ATCC PTA-122608, to improve nutrition and biomass production of soybean
and to investigate underlying mechanisms related to root morphology and interactions with rhi-
zobia. Inoculation promoted shoot and root growth as well as total nodulation by rhizobia.
Effects of this magnitude on soybean growth parameters have been reported for a non-extremo-
phile rhizobacterium frequently used in biofertilizers, Azospirillum brasilense (Molla et al. 2001),
suggesting that novel rhizobacteria from extreme environments have great potential to contribute
to the development of effective biofertilizers.

Plants growing in the substrate control treatment were often not statistically different from the
inoculated treatments suggesting some effect of the kaolin substrate on soybean root system and
growth. Kaolin is a natural clay substrate which has been shown to impact both soil and plant
properties and likely influenced the growth of soybean in this experiment. Kaolin has been shown
to promote soil nitrate retention (Mohsenipour et al. 2019) and plant salinity tolerance (Boari
et al. 2014). Additionally, kaolin stores elements such as iron (Guo et al. 2010), which is an
important plant nutrient. While this likely had an influence on the growth of our soybean plants,
clear alteration to traits like root dry weight and nodulation by rhizobia in the inoculated treat-
ment suggest the bacteria still showed growth promotion potential.

Our results suggest that increasing root biomass, altering root architecture, and enhancing
nodulation by rhizobia may be important mechanisms by which ATCC PTA-122608 promotes
nutrient accumulation and biomass production in soybean. Higher root biomass could improve
plant nutrition given the essential role of roots in foraging for soil resources (McNickle and
Cahill 2009). In the case of legumes, increased root biomass can also promote nodulation by
effective strains of rhizobia (Batstone et al. 2017). Increased root biomass in soybean leading to
greater nutrient capture and improved nodulation and subsequent atmospheric N fixation could
be a primary mechanism by which ATCC PTA-122608 promotes growth under non-
stressed conditions.

Shifts in root system architecture were also observed in plants inoculated with ATCC PTA-
122608, with greater partitioning to the production of medium and coarse roots, resulting in
decreased SRL. These changes may have been due to manipulation of phytohormone metabolic
pathways by ATCC PTA-122608, as has been shown for other PGPR (Vacheron et al. 2013).
Increasing coarse root production could be advantageous in promoting resource transport and
providing structural support for lateral roots (Zhang and Wang 2015). Furthermore, coarse roots
can determine the ability of plants to exploit compacted soil layers that fine roots lack the mech-
anical strength to penetrate (Comas et al. 2013), ultimately affecting plant rooting depth. Thus, a
greater proportion of coarse roots could be even more beneficial under field conditions where

Figure 2. A) Total nodulation and B) nodulation/length of soybean plant roots inoculated with Pseudomonas sp. ATCC PTA-
122608, not inoculated with the bacteria, and inoculated with the substrate control. The letters represent significant differences
between treatments at the p¼ 0.05 level. Error bars indicate standard error.
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structural support and penetration of compacted soils have a larger effect on yield outcomes than
under glasshouse conditions.

Given the importance of rhizobia for N accumulation in legumes and the importance of N for
plant growth, the improved growth observed in inoculated plants was likely due in large part to
increased nodulation. The increases in nodulation could have occurred through changes to the
soybean root system that promoted rhizobial colonization (Batstone et al. 2017; Bourion et al.
2010), increased resource availability to symbionts as a consequence of improved host nutrition
overall, or through other interactions between ATCC PTA-122608 and B. japonicum (Korir et al.
2017). Synergistic effects of Pseudomonas sp. and rhizobia have been reported in a variety of
legumes, perhaps due to Pseudomonas sp. outcompeting rhizobia-inhibiting microorganisms or
via indirect effects on the host (Ahmad et al. 2013; Andrade, De Leij, and Lynch 1998;
Egamberdieva et al. 2010; S�anchez et al. 2014). Although beyond the scope of this study, further
molecular and biochemical work could illuminate the mechanisms by which this rhizobacterium
promotes nodulation.

Root system architectural shifts and increased nodulation following inoculation show that
ATCC PTA-122608 is capable of altering soybean root and rhizosphere traits, leading to growth
promotion under greenhouse conditions. Given uncertainties of reproducibility of greenhouse
results (Schmidt and Gaudin 2018) and previous work on other rhizobacteria from extreme envi-
ronments, future studies should evaluate whether this strain increases crop productivity under
ecologically relevant field conditions and alleviates abiotic stresses, particularly extremely low
temperatures. The mechanisms by which extremophilic rhizobacteria may promote plant growth
remain to be fully explored, but our results highlight the potential for these microorganisms to
contribute to the development of high-performing biofertilizers for sustainable production of
nutritionally and economically important crops.
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