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Abstract: Quinoa (Chenopodium quinoa) has grown since ancestral times in the Andean mountains and Altiplano, which
are the center of origin of this pseudo-cereal. The interaction of Quinoa with native microorganisms may have contributed
to the success of this plant in very adverse climatic and soil conditions. This study addressed the microbial diversity
associated with Quinoa plants growing in traditional lands. We employed a cultivable-dependent approach to characterize

the communities and identify bacterial strains with potential

belonging to phyla Firmicutes, Actinobacteria, Bacteroidetes,

Agrobacterium were the predominant groups in the Quinoa

application in agriculture. We identified bacterial isolates
and Proteobacteria. The genera Bacillus and Rhizobium/
bacterial communities, while various Trichoderma species

were also found in the fungi group. The plant growth-promoting ability of selected bacterial strains was assessed by
culturing them on media and the in planta test. We used different assays to test the capabilities of the isolates for nitrogen
fixation, phosphorus solubilization, and production of the phytohormone indole-3-acetic acid. We inoculated Quinoa seeds
with some Bacillus strains and then evaluated plant growth and grain production. Plants inoculated with bacterial strains
usually show increased growth parameters and grain yield. Altogether, this work reveals that Quinoa harbors many diverse
cultivable bacteria and fungi, which could be used as biological amendments to promote plant growth in a chemical-free
way. Avoiding chemical fertilizers helps reduce environmental pollution and maintains the organic character of Quinoa
production. International Quinoa markets highly appreciate the organic quality of Quinoa.
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|
Introduction

Earth is profusely covered by a great diversity of habi-
tats where the communities of plants and microorganisms
live and strive. A particular and extreme ecosystem is the
Altiplano, a flat plateau located between 3500 and 4500 m
above sea level in the mountain ranges of the Andes. Due
to its high altitude, the environmental conditions of Altipla-
no are severe with hypoxic air and an extreme variety of
temperatures and solar radiation’. Its soil is acidic, with li-
ttle organic matter, shallow and high salinity, especially at
Southern Altiplano?. In these conditions, Quinoa (Chenopo-
dium quinoa), a pseudo-cereal native to Andean highlands,
grows and produces highly nutritious grains. Human local
populations since ancient times domesticated this plant
species, which remained genetically unimproved as landra-
ces. Quinoa is highly adapted to the harsh environmental
conditions of the Andean Altiplano, including drought, sail
salinity, frequent frosts, low soil organic matter, and eleva-
ted UV radiation®. Although intensively, Quinoa is still culti-
vated on the same Altiplano lands that the ancestors used
to crop*. Quinoa has lately become a favorite food despite
its ancestral status because it does not contain gluten; it
is generally organic and highly nutritious (averaging 14.8%
protein with an exceptional balance between oil, protein,
and starch)®. This is why Quinoa, the most economically at-

tractive crop in this area, urges Andean farmers to intensify
their production beyond sustainability®.

The ability of Quinoa to grow in the rough climatic and
edaphic conditions of the Altiplano is due in part to the coe-
xistence with several different microorganisms that interact
with it in a mutually beneficial way. Although the information
on the microorganisms associated with Quinoa remains
scarce, we can assume that some of them are specific to
Quinoa and well adapted to this ecosystem’. Therefore, the
study of microorganisms associated with Quinoa could give
clues about their role in plant nutrition and in diminishing
the damaging effects of drought, high soil salinity, and other
difficult climatic conditions.

Similarly, the knowledge of the diversity of microorga-
nisms associated with Quinoa opens the possibility of using
them for soil restoration, increasing fertility, and pest con-
trol. This motivates active research to develop bio-inocu-
lants based on living microorganisms to be used as biofer-
tilizers depending on the microbial species with which they
have been made®. The bio inoculants are also essential to
reduce the harmful effects of chemical fertilizers and pesti-
cides on the environment, producing food without chemical
contaminants at a lower cost, thus helping the economy of
small farmers that are common in the Altiplano area’®. They
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could also help the highland soils in the retention of micro-
bial populations that could contribute to delaying degrada-
tion processes, allowing farmers to produce organic crops
(mainly Quinoa, but also beans, potatoes, and other crops).
This is important since organic Quinoa is highly appreciated
in international markets'®.

The present work assesses the microbial diversity as-
sociated with Quinoa plants grown in the Altiplano in the
traditional land where Quinoa has been cultivated since an-
cient time. Because we wish to use the studied microorga-
nisms to improve Quinoa cultivation and its soil, we focused
on the cultivable fraction of the microorganisms associated
with this species. In this way, we also evaluated the impact
of the selected microorganism to be used as biofertilizers
for Quinoa. We inoculated Quinoa plants with microorganis-
ms and measured growth parameters, observing a signifi-
cant increase in the crop’s agronomic parameters, including
grain yield.

|
Materials and methods

Location and sampling

We selected different land plots with active quinoa
production in two provinces of Bolivia, namely Oruro and
Potosi, located in the Southern Altiplano of the Andes. Ten
plots were considered from communities around the areas
of Salinas de Garci Mendoza (19° 38' 6" S, 67° 40" 31" W,
3,743 m.a.s.l.), Challapata (18° 54' 2" S, 66° 46" 10" W,
3,718 m.a.s.l.), Pampa Aullagas (19° 11" 31" S, 67° 3' 9" W,
3,725 m.a.s.l.) and Quillacas (19° 14’ 19" S, 66° 56' 21" W,
3,767 m.a.s.l.) in Oruro province. Similarly, from the provin-
ce of Potosi 10 plots were selected in the communities of
Chacala (20° 33' 0" S, 66° 43' 59" W, 3,843 m.a.s.l.), and
Llica (19° 51' 4" S, 68° 14' 56" W, 3,672 m.a.s.l.). These
communities are located in the southern Altiplano with a
semi-arid to the arid climate and temperate summers, cool
winters, and predominant dry conditions'. Soils are sandy
to sandy-loam, with low water and nutrient retention capaci-
ty and very unstable due to the great susceptibility to wind
and water erosion; therefore, they tend to desertification.
This area has been traditional for quinoa production™?.

Microorganism isolation and identification

Five quinoa plants were collected from each production
plot described above. Bacteria and fungi were isolated from
different organs of quinoa plants and soil surrounding roots
at Fundacion Proinpa laboratories, Cochabamba, Bolivia.
Bacteria from leaves and stems were isolated by washing
plant organs with sterile NaCl 0.85% saline solution and
plating samples on a general TSA (tryptic soy agar) me-
dium. To isolate microorganisms from the rhizosphere, we
removed the roots and shook the soil closely retained by the
roots in a sterile saline solution. Then, bacterial suspension
was plated on a semisolid TSA medium. All bacterial cultu-
res were incubated at 28°C for 72 hours'. We thoroughly
washed root pieces for endophytic microorganisms and
superficially sterilized them by immersing them in a 70%
ethanol solution and then in a sodium hypochlorite solution
(1.2% vlv). Later, the roots were thoroughly rinsed with ste-
rile saline solution. The roots were macerated in a sterile
mortar with saline solution and serial dilutions of 10-'to 10
were deposited on TSA medium and incubated at 28°C for
72h14,15_

Isolated bacterial colonies were used for species iden-
tification. We extracted and purified genomic DNA from
bacteria following a standard protocol16. We amplified an
internal fragment of the gene encoding the 16S rRNA using
primers 27F and 1488R17, 18 and a DNA polymerase with
error-correcting activity (Phusion, Finnzymes, Finland).
Each PCR product was purified with Qiaquick columns
(Qiagen, Valencia, CA) before sending them to the Univer-
sity of Chicago Sequencing Center, Chicago, IL, the USA,
for sequencing using Sanger technology. The sequences
obtained were edited with the BioEdit program19 and then
collated with the databases using the BLAST program?20. All
16S rRNA gene sequences obtained in this study were sub-
mitted to GenBank under accession numbers MW394536
- MW394612.

Isolated fungi mycelia were used for genomic DNA ex-
traction using the protocol of Melo and collaborators?'. DNA
fragments corresponding to the genes encoding 18S rRNA,
5.8S rRNA, and the intergenic region (ITS1 and ITS2) were
amplified using the SR6RA/T and LR1 primers following the
instructions of White and collaborators?, and Kullnig-Gra-
dinger and collaborators?. To further discriminate between
possible Trichoderma species, we amplified an internal
fragment of the tef1 gene that encodes the elongation fac-
tor 1 alpha using the EF1-728F and TEF1LLErev primers?.
The amplified fragments were purified and sequenced, as
explained above. The sequences were analyzed using the
TrichOKey program, which allows sequences of different
marker genes to be used to determine the Trichoderma spe-
cies to which an isolate corresponds?.

Phylogenetic Analysis

The sequences generated during microorganism iden-
tification were trimmed with Bioedit software'®. Multiple se-
quence alignment was performed with the MAFFT program
through its web interface at https://mafft.cbrc.jp/alignment/
server/. The phylogenetic tree was inferred by the Mega X
program® using the Maximum Likelihood method and Ge-
neral Time Reversible model. Subtree-Pruning-Regrafting
was used as the heuristic method, and 1,000 resamples of
bootstrap were tested. The tree was drawn with Dendrosco-
pe 3.5.9?7. Accession numbers of the reference strains used
in the phylogeny are given in Table 2.

Plant growth-promoting (PGP) characterization

We characterized several plant growth-promoting traits
as ecosystem services that quinoa-associated microorga-
nisms may provide to agriculture and their potential use
as bio inoculants. For nitrogen fixation, we have grown the
bacteria on Burk’'s N-free culture medium?® and incubated
the bacteria for 5 to 15 days at 28°C. All plates with bac-
terial growth were considered bacterial isolates capable
of fixing nitrogen. For phosphorous solubilization, bacteria
were plated on NBRIP medium with tricalcium phosphate
as a source of P?°. Bacterial strains that showed a transpa-
rent halo around the colony were recorded as positive. For
testing indole-3-acetic acid (IAA) production, we followed
the protocol according to Gordon and Weber®® with slight
modifications. Briefly, bacterial colonies were grown in TSB
(soy trypticase broth) supplemented with 5uM of L-trypto-
phan and incubated for 7 days at 28°C (bacteria), under
agitation (100 rpm). After gentle centrifugation to discard
cells and debris, the supernatant was transferred to 96-well
microtiter plates and supplemented with Salkowski solution
(15 ml 0.5 M FeCI3, 500 ml distilled water, and 300 ml of
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concentrated H,S0,%") that allows for detecting indole deri-
vatives. We used two well-identified Bacillus species as a
positive control. The mixture was kept in the dark for 15 min,
and all wells turning color to pink or fuchsia were reported
as positive.

Plant growth parameters and grain yield were tested
in quinoa plants inoculated with the beneficial bacteria iso-
lated from Quinoa. We used the landrace of Quinoa called
Horizontes (breed variety with short plants, high yield, and
large, white grains). Three seeds were sown in a sterile
substrate (1:1:1:2 manure, sand, lama, and rice husk) in
pots under greenhouse conditions (16+2°C, 90% RH, and
11:13 light-dark relationship, which simulates the winter
photoperiod in the Altiplano). Concomitantly with planting,
the seeds were inoculated with 500 ul of the bacterial iso-
late concentrate (by pouring bacteria suspension in sterile
distilled water at 1x108 spores/ml). The plants were regular-
ly watered and remained in the greenhouse until full produc-
tion of grains (about 6 months).

We measured the following plant growth parameters
and yield: Root length (cm), root volume (ml), root, foliage,
and panicle weight (g), plant height (cm), panicle length and
diameter (cm), and grain yield (kg/ha). These parameters
were measured at the end of the growth cycle except plant
height, which was recorded after 90 days. All of the mea-
sured parameters were subjected to analysis of variance
using the SAS software®. The sources of variation consi-
dered were amendment treatments with different beneficial
bacteria: Bacillus sp. 13b (Subtilis group), Paenibacillus sp.
15c, Bacillus sp. 17c (Subtilis group), Bacillus sp. 3b (Sub-
tilis group), Bacillus sp. 6b (Subtilis group), and Bacillus sp.
12c (Cereus group) (all of these strains were collected in
Challapata, Oruro province, except 13b, which was isolated
from Llica). We used sterile distilled water with no bacteria
as a negative control. The chosen experimental design is a
completely random block model with seven factors (bacte-
ria strains and control) and 6 repetitions of one pot with 3
plants each. Differences between treatments were estima-
ted using one-way ANOVA, and the average values for each
parameter were compared with each other using the Tukey
test at p<0.05.

|
Results

Many bacterial isolates (1000-2000) were obtained
from each Altiplano community (see Location and Sampling
in the Materials and Methods section). Analysis of the bac-
terial communities of Quinoa resulted in the identification
of 77 isolates (Table 1) corresponding to 4 phyla and 17
genera (Table 1). Figure 1A shows the relative abundance
of phyla. The most frequently isolated group was Proteo-
bacteria which accounted for 46.8%. This group includes re-
presentatives of three classes (Alphaproteobacteria, Gam-
maproteobacteria and Betaproteobacteria) and the principal
genera are Rhizobium/Agrobacterium. As the second most
dominant bacterial phylum, Firmicutes amounts for 43% of
the total bacteria sampled. The relative contribution of the
other two phyla, Bacteroidetes and Actinobacteria, is minor.
At the genus level, the molecular identification was suffi-
cient to determine the taxonomic affiliation of most isolates;
except for Rhizobium and Agrobacterium whose taxonomic
classification is still unclear®. The most common bacterial
genera were Bacillus (35%), followed by Rhizobium/Agro-
bacterium (32.5%). Several genera, such as Phyllobacte-

rium, Ensifer, and others, only contained one isolate (Fig.
1B). Unfortunately, identifying bacterial isolates to species
level was not possible for all samples due to the remarkable
similarity of 16S rRNA sequences between phylogenetically
close species. This difficulty applies mainly to the isolates
belonging to the genus Bacillus; however, it is also seen in
other groups. Despite the low discriminatory power of 16S
rRNA, we were able to identify many Bacillus isolates be-
longing to well-known internal phylogenetic groups of the
genus Bacillus according to the recent phylogenetic recons-
truction of this genus®*%. Therefore, the Quinoa isolates in
the Cereus clade (Table 1) most probably correspond to
B. cereus, B. thuringiensis, B. toyonensis or other species
of this genus. The Quinoa isolates grouped in the Subtilis
clade presumably are B. subtilis, B. amyloliquefaciens, B.
velezensis, B. vallismortis, B. tequilensis, or B. lichenifor-
mis. For the case of Pumilus clade, its bacterial members
isolated from Quinoa may correspond to B. safensis, B. al-
titudinis or B. pumilus. The taxonomic affiliations of novel
bacteria isolated in this study are confirmed by a phyloge-
netic study depicted in Fig. 2. We used 16S rRNA gene se-
quences of representative strains of each bacterial species/
genus to highlight the correct taxonomic assignation of Qui-
noa isolates in the phylogenetic tree.

For the case of fungi, we concentrated our efforts on
isolating and identifying species belonging to Trichoderma
for their agricultural potential to use them as plant growth
promoters and biocontrol agents. Based on the analyses of
ribosomal regions and tef1 gene sequences, fungi isolates
were identified as different species of Trichoderma (Table
1). Although we have used different marker genes to diffe-
rentiate Trichoderma species, the discrimination was not
enough to differentiate isolates from T. asperellum and T.
koningiopsis. We did not infer the phylogeny of the fungi
associated with Quinoa because the analysis was restricted
to very few species of the same genus.

Plant growth-promoting characterization

Although we did not analyze all the isolates sampled,
most of them were examined for their properties as plant
growth promoters. Figure 3 shows the relative proportion of
quinoa bacterial strains with important functional traits for
agriculture. The most frequent traits were the production of
IAA and P solubilization, which were observed for 53.3%
and 30.8% of the analyzed strains, respectively. Although
most bacterial isolates showed a single PGP trait, some
strains of Bacillus (Subtilis and Pumilus groups) and Paeni-
bacillus showed different traits simultaneously.

We selected six bacterial strains from Bacillaceae fami-
ly that showed the highest response in tests of PGP traits to
analyze their plant growth promotion and grain production in
quinoa plants grown under greenhouse conditions. The six
strains show single or multiple PGP traits as analyzed by in
vitro tests (see Materials and Methods, Table 3). We inocu-
lated quinoa seeds with the bacterial strains and measured
different parameters until the end of the quinoa production
cycle. Figure 4 compares root, foliage, and panicle growth
in control plants versus plants treated with Bacillus sp. 12b,
Bacillus sp. 13b, Paenibacillus sp. 15c, Bacillus sp. 17c, Ba-
cillus sp. 3b, Bacillus sp. 6b. Only the treatments with Ba-
cillus sp. 12b, Paenibacillus sp. 15¢, Bacillus sp. 17¢, and
Bacillus sp. 6b showed a statistically significant increase in
plant growth parameters versus the control treatments. In
contrast, both Bacillus sp. 13b and Bacillus sp. 3b showed
no significant effect. Figure 5 compares plant height, pa-
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= Proteobacteria
m Bacteroidetes

= Actinobacteria

® Bacillus

® Paenibacillus

m Staphylococcus

= Rhizobium/Agrobacterium

® Phyllobacterium

m Ensifer

m Lelliottia amnigena

® Pseudomonas

m Stenotrophomonas
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® Variovorax

® Planomicrobium

® Flavobacterium
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= Microbacterium
Pedobacter
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Figure 1. The relative abundance of phyla (A) and genera (B) is associated with Quinoa plants grown in the Bolivian

Altiplano.

nicle length, and diameter in these same plants. Here the
performance of some treatments is inferior compared to the
control; however, Bacillus sp. 6b shows consistency in be-
ing superior to the others in the measured parameters.

In contrast, there was no statistical difference for root
length between any of the treatments and the control (data
not shown), and a similar situation is observable in root
volume, with treatments behaving equal or worse than the
control (Fig. 6). Figure 7 shows the results of the bacte-
rial amendments in the quinoa grain yield regarding control
plants. Again, Bacillus sp. 12b and Bacillus sp. 6b showed
a statistically significant higher yield of grain versus the con-
trol treatment.

|
Discussion

This study adopted a culture-dependent strategy to
analyze microbial diversity associated with Quinoa. We fo-

cused on the cultivable fraction because we intend to use
the sampled microorganisms to enrich the natural microbio-
ta and increase plant growth and grain production in Qui-
noa plots. Likewise, microorganisms are promising for the
appropriate management of dryland ecosystems (such as
the Andean Altiplano) and for reducing soil degradation®®
37, Although the diversity of bacteria was not investigated by
any culture-independent technique, the culture-dependent
method remains a valuable tool for understanding the di-
versity of microorganisms interacting with Quinoa in the sin-
gular ecosystem of the Altiplano. In this work, we extended
previous investigations carried out by our group’, including
new data to highlight the abundant microbial diversity asso-
ciated with Quinoa and some results about the plant-pro-
moting capacity of Quinoa microorganisms. We profusely
isolated bacterial samples. Although we did not identify all
the microorganisms collected, those identified indicate the
diversity associated with Quinoa. The diversity includes four
phyla, Firmicutes (mainly Bacillus), Actinobacteria, Bacte-
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Phylum Class Order
Firmicutes Bacilli Bacillales
Bacillales
Bacillales
Bacillales
Proteobacteria = Alpha Rhizobiales
proteobacteria
Rhizobiales
Rhizobiales
Gamma Enterobacterales
proteobacteria
Pseudomonadales
Xanthomonadales
Enterobacterales
Pseudomonadales
Beta Burkholderiales
proteobacteria
Bacteroidetes Flavobacteria Flavobacteriales

Family
Bacillaceas

Paenibacillaceae

Staphvlococcaceae
Planococcaceae
Rhizobiaceae

Phyllobacteriaceae
Rhizobiaceae

Enterobacteriaceae
Pseudomonadaceae
Xanthomonadaceae
Erwiniaceac
Moraxellaceae

Comamonadaceae

Flavobacteriaceae

Isolate code
90
22
22//
93//
12b
Ga
13a
3e
32
154
161
Hoja 5b
Raiz 8Ma
12¢
47b
149
143
Hoja 11Mb
131
128
150
6b
3b
3d
13b
17e
Hoja 10M
2c
74
15¢
139
26
Chirl
Chir2
Colla
TM6a
Tj-chila
Cadial
Alb1
Ti-chilb
GCh5ab
Colle
TMS5aa
SPala
TMS5ab
TM5ba
Minlb
SM1
Collb
Mon2
GChSaa
USA
Chul
Tirl
SPalb
Hichla
Minla
T1
14b
Hichlb
GChlff
47
TM7b
65
73
11a
LV36
6Pa

TM7a

Genus/species

Bacillus sp. (Cereus clade)
Bacillus sp. (Cereus clade)
Bacillus sp. (Cereus clade)
Bacillus sp. (Cereus clade)
Bacillus sp. (Cereus clade)
Bacillus sp. (Cereus clade)
Bacillus sp. (Cereus clade)
Bacillus sp. (Cereus clade)
Bacillus sp. (Cereus clade)
Bacillus sp. (Pumilus clade)
Bacillus sp. (Pumilus clade)
Bacillus sp. (Pumilus clade)
Bacillus sp. (Pumilus clade)
Bacillus sp. (Pumilus clade)
Bacillus sp. (Pumilus clade)
Bacillus simplex

Bacillus simplex

Bacillus sp. (Megarerium clade)

Bacillus firmus

Bacillus sp. (Subtilis clade)
Bacillus sp. (Subtilis clade)
Bacillus sp. (Subtilis clade)
Bacillus sp. (Subtilis clade)
Bacillus sp. (Subtilis clade)
Bacillus sp. (Subtilis clade)
Bacillus sp. (Subtilis clade)

Bacillus atrophaeus (Subtilis clade)

Paenibacillus xylanexedens
Paenibacillus xylanexedens
Paenibacillus odorifer
Staphylococeus epidermidis
Planemicrebium sp.
Agrobacterium larrymoorei
Agrobacterium larrymoorei
Agrobacterium tumefaciens
Agrobacterium tumefaciens
Agrobacterium tumefaciens
Agrobacterium tumefaciens
Agrobacterium rumefaciens
Agrobacterium tumefaciens
Agrobacterium tumefaciens
Agrobacterium tumefaciens
Rhizobium/Agrobacterium
Rhizobium/Agrobacterinm
Rhizobium/Agrobacterium
Rhizobium/Agrobacterium
Rhizobium/Agrobacterium
Rhizobium/Agrobacterium
Rhizobium/Agrobacterinm
Rhizobium/Agrobacterium
Rhizobium/Agrobacterinm
Rhizobium/Agrobacterium
Rhizobium sp.

Rhizobium sp.

Rhizobium sp.

Rhizobium sp.

Rhizobium sp.
Phyllobacterium zundulkense
Ensifer adhaerens

Lelliottia amnigena
Lelliottia amnigena
Pseudomonas fluorescens
Pseudomonas fluorescens
Stenotrophomenas maltophilia
Stenotrophomonas maltophilia
Pantoea sp.
Psychrobacter sp.
Variovorax paradoxus

Flavebacterium johnsoniae

Table 1. Cultivable microorganisms associated with Quinoa and their taxonomic information.
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Punl Flavobacterium }aﬁnmﬂiﬂe
IT1/1P1 Flavobacterium johnsoniae
GChla Flavebacterium johnsoniae

Sphingobacteria | Sphingobacteriales | Sphingobacteriaceae GCh5b Sphingoebacterium canadense
Sphingobacteriales | Sphingobacteriaceae GChldd Pedobacter sp.

Actinobacteria = Actinobacteria Micrococeales Microbacteriaceae GChlb Microbacterium sp.
GChlee Microbacterium sp.
Ascomycota Sordariomycetes Hypocreales Hypocreaceae Ts Trichoderma harzianum
L-csponjoso | Trichoderma harzianum
T7 Trichoderma koningiopsis
T6 Trichoderma asperellum or koningiopsis
T8 Trichoderma asperellum or koningiopsis
T9 Trichoderma asperellum or koningiopsis
#36 Alto Trichoderma asperellum or koningiopsis
Beni

L-polvoso | Trichoderma asperellum or koningiopsis
Pairumani | Trichoderma asperellum or koningiopsis
Comercial | Trichoderma asperellum or koningiopsis

Table 1. Cultivable microorganisms associated with Quinoa and their taxonomic information.

N Fixation

P Solubilization Figure 3. Plant growth-pro-
moting (PGP) traits in bacte-

ria associated with Quinoa.
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Figure 4. Effect of amendment applications of beneficial bacteria on Quinoa plants to test plant growth and grain yield. Spe-
cifically, it is shown variation in foliage, root and panicle weight. Bars that do not share similar letters denote statistical signi-
ficance at p=0.05 with one-way ANOVA and Tukey’s test. The bars at the top of each histogram represent a statistical error.
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Figure 5. Effect of amendment applications of beneficial bacteria on quinoa plants to test plant growth and grain yield.
Specifically, it is shown variation in plant height, panicle length and diameter. Bars that do not share similar letters denote
statistical significance at p=0.05 with one-way ANOVA and Tukey’s test. The bars at the top of each histogram represent

a statistical error.
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Figure 6. Effect of amendment applications of beneficial bacteria on Quinoa plants to test plant growth and grain yield.
Specifically, it is shown variation in root volume. Bars that do not share similar letters denote statistical significance at
p=0.05 with one-way ANOVA and Tukey'’s test. The bars at the top of each histogram represent a statistical error.
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Accession number

NZ CP039691.1
NZ CP039903.1
NZ CP021500.1
NC 0047221

NZ QNSF01000063.1

NZ CP009920.1
NZ CP027116.1
NZ CP011008.1
NC_000964.3
NZ CP015880.1
NC _009441.1
NZ LR134135.1
NZ CP018151.1
NZ CP009428.1
NZ CP018620.1
NZ CP033106.1
NZ CP043329.1
CP017940.1
CP047673.1
CP027561.1

NZ CP012969.1
NZ CP064187.1
KT766060.1
NZ CP035288.1
NC 0110711
NZ KRO055005.1

Bacterial Isolate

B. cereus 12¢
B. subtilis 13b

Paenibacillus sp. 15¢

B. atrophaeus 17c¢
Bacillus sp. 3b
B. subfilis 6b

Bacterial species

Agrobacterium larrymoorei CFBP5473
Agrobacterium tumefaciens CFBP6623
Bacillus atrophaeus SRCM101359
Bacillus cereus ATCC14579

Bacillus firmus 14 TX

Bacillus megaterium NBRC15308=ATCC14581
Bacillus pumilus 145

Bacillus simplex SHB26

Bacillus subtilis 168

Ensifer adhaerens Casida A
Flavobacterium johnsoniae UW101
Lelliottia amnigena NCTC12124
Microbacterium sp. 1.5R

Paenibacillus odorifer DSM15391
Paenibacillus xylanexedens PAMC 22703
Pantoea sp. 201603H

Pedobacter sp. CJ43

Phyllobacterium zundukense Tri48
Planomicrobium sp. Y50

Pseudomonas fluorescens G7
Psychrobacter sp. AntiMn-1

Rhizobium sp. 007

Sphingobacterium canadense TPY5
Staphylococcus epidermidis ATCC14990
Stenotrophomonas maltophilia R5513
Variovorax paradoxus KAR44

Table 2. Accession numbers of the reference strains used in the phylogenetic reconstruction.

N- Phosphate- TAA
fixing solubilizing production
- + +
+ - +

Table 3. Main PGP traits shown by selected bacterial isolates were analyzed for their ability to promote the growth of
Quinoa plants in the greenhouse.
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Figure 7. Effect of amendment applications of beneficial bacteria on Quinoa plants to test plant growth and grain yield.
Specifically, it is shown variation in grain yield. Bars that do not share similar letters denote statistical significance at
p=0.05 with one-way ANOVA and Tukey'’s test. The bars at the top of each histogram represent a statistical error.

roidetes, and Proteobacteria. In all analyzed samples, the
genera Bacillus and Rhizobium/Agrobacterium were the
predominant groups in the Quinoa bacterial communities.
The low discriminatory power of 16S rRNA gene sequences
is insufficient to identify Bacillus species, which is increa-
singly common in many environmental and medical sam-
ples®®*, However, we confirmed the affiliation of samples
to groups inside the Bacillus genus according to the current
phylogeny described by Patel and Gupta3* and Secaira-Mo-
rocho and collaborators®®. Notably, Bacillus was also found
as a Quinoa endophyte by Pitzschke*, in Quinoa soils by
Morales-Belpaire and collaborators*’, and in the rhizosphe-
re of Quinoa roots by Liceta*2.

The dominance of Bacillus in the Quinoa microbial
communities may be due to the natural ability to form en-
dospores that allows it to survive in very inhospitable con-
ditions such as those of the Altiplano*. The presence of
Bacillus associated with Quinoa has greater significance
since this bacterial genus actively intervenes in germination
and the seedling establishment, reducing at the same time
the stress damage by activating different enzymes and eli-
citors*®#4, In general, Bacillus species show different PGP
activities that may include nitrogen fixation, phosphate solu-
bilization, siderophore release, and the production of plant
growth regulators such as auxins (IAA), cytokinins, gibbe-
rellins, ethylene, and abscisic acid. Likewise, other indirect
mechanisms may work concomitantly, including the pro-
duction of inhibitory substances (antibiotics, hydrolytic en-
zymes, etc.), which act against phytopathogens, increasing
the natural resistance*. Our work found that the Bacillus
strains showed some of these mechanisms (i.e., N fixation,
P solubilization, and IAA production).

Regarding other rhizobacteria isolated from Quinoa
roots, they are well-known dwellers of the roots microbiome,
helping the plant face abiotic stresses. These bacteria exhi-
bit tolerance to multiple physiological or environmental con-
ditions. For example, Psychrobacter sp. Stenotrophomonas
maltophilia and Paenibacillus xylanexedens are psychroto-
lerant species*6“® that could contribute reducing plant cold
damage due to the freezing temperatures of the Altiplano

reaches during winters*®. On the other hand, some Variovo-
rax paradoxus, Pseudomonas fluorescens, Rhizobium, and
Pantoea are recognized as halotolerant plant-growth-pro-
moting rhizobacteria®*%? that may contribute to increasing
salt tolerance in Quinoa plants. Since some natural soils
where Quinoa grows are saline®, the presence of these
strains is not surprising. Lastly, bacterial strains of Micro-
bacterium sp., Pedobacter sp. and spore formers (Bacillus,
Paenibacillus) are UV tolerant®*% a trait that is incredibly
important to tackle with the high solar radiation and low hu-
midity content that is typical in the highlands.

Our study concerning plant growth promoted by bacte-
ria under greenhouse conditions found that some PGP acti-
vities significantly stimulated plant growth and grain produc-
tion. In particular, Bacillus sp. 6b (Subtilis clade) showed the
highest promotion activity in terms of the growth parameters
compared with the control, including the foliage, root, pani-
cle weight, and plant height panicle length and diameter,
root volume, and grain yield. Interestingly, Bacillus sp. 6b
showed N fixation capability but no appreciable IAA produc-
tion or P solubilization; therefore, additional PGP mechanis-
ms of this strain remain to be discovered. Many members
of the Bacillus subtilis group (i.e. B. subtilis, B. amyloli-
quefaciens, B. licheniformis, and others) are well-known
plant-growth-promoting rhizobacteria and may activate
their plant host defense responses®. These bacteria may
also act as biocontrol agents against pathogens because of
their ability to secrete antibiotics, hydrolytic enzymes, and
lipopeptides, thus suppressing plant diseases®” . Another
strain of Bacillus that showed good performance in the plant
growth promotion and grain yield in our assays was Bacillus
sp. 12c (Cereus group). Although the Cereus group com-
prises well-known food-borne pathogens that can cause
infectious gastrointestinal and respiratory diseases in hu-
mans®, they are also known for their ability to promote plant
growth®. For example, B. cereus may be involved in pro-
moting plant growth and may also participate in conferring
tolerance to the plant host to reduce stress in saline envi-
ronments. Hassan and collaborators®' found that B. cereus
works to ameliorate the deleterious effects of salinity. The
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soil where Quinoa plants thrive is often saline, especially in
the southern Altiplano. In this sense, the protective role that
B. cereus may offer to Quinoa plants could be essential for
life under saline stressful conditions. Paenibacillus sp. 15c,
another bacterial species with good performance on plant
growth promotion, showed P solubilization and IAA produc-
tion in our tests. This is not surprising since Paenibacillus
species are recognized residents of plant rhizosphere that
promote plant growth by different mechanisms that include
the production of IAA and other auxin phytohormones®2.

Given the results of this work, microorganisms with PGP
activities have enormous potential to be used in sustainable
agriculture to promote plant growth and control pathogens®.
Although we have not carried out tests to find out the capaci-
ty of the isolated strains to control pathogens, it is very likely
that Quinoa-associated bacteria also show this trait. The
use of environmentally friendly bacteria to substitute chemi-
cal fertilizers and avoid losing productive soil in semi-desert
lands is desirable and promising. This is even more impor-
tant considering that most of the Quinoa produced in the Al-
tiplano is organic and traded in European markets®; there-
fore, this crop should remain free of agrochemicals.

|
Conclusions

In this work, we characterized the diversity of microor-
ganisms associated with Quinoa using a cultivable-depen-
dent method and tested the capacity of the isolated mi-
croorganisms to promote quinoa growth and increase grain
production. The abundant diversity of bacteria in Quinoa
could help to understand the critical role that microorganis-
ms play in quinoa growth and grain production. We probed
in this work that the addition of quinoa-derived bacteria to
seeds during the sown process shows beneficial effects on
plant growth and grain yield. These results are promising
and can give rise to further research towards the biotechno-
logical application of beneficial microorganisms as bioferti-
lizers, contributing by then to keeping the organic character
of quinoa production that is highly required in international
markets.
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