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High Salt Levels Reduced Dissimilarities
in Root-Associated Microbiomes of Two Barley Genotypes
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Plants harbor in and at their roots bacterial microbiomes that
contribute to their health and fitness. The microbiome composition is controlled by the environment and plant genotype.
Previously, it was shown that the plant genotype-dependent
dissimilarity of root microbiome composition of different
species becomes smaller under drought stress. However, it
remains unknown whether this reduced plant genotypedependent effect is a specific response to drought stress or a
more generic response to abiotic stress. To test this, we studied
the effect of salt stress on two distinct barley (Hordeum vulgare L.)
genotypes: the reference cultivar Golden Promise and the Algerian landrace AB. As inoculum, we used soil from salinized and
degraded farmland on which barley was cultivated. Controlled
laboratory experiments showed that plants inoculated with this
soil displayed growth stimulation under high salt stress (200 mM)
in a plant genotype-independent manner, whereas the landrace
AB also showed significant growth stimulation at low salt concentrations. Subsequent analysis of the root microbiomes revealed a
reduced dissimilarity of the bacterial communities of the two barley genotypes in response to high salt, especially in the endophytic
compartment. High salt level did not reduce a-diversity (richness)
in the endophytic compartment of both plant genotypes but was
associated with an increased number of shared strains that
respond positively to high salt. Among these, Pseudomonas spp.
were most abundant. These findings suggest that the plant
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genotype-dependent microbiome composition is altered generically
by abiotic stress.
Keywords: abiotic stress, barley, Golden Promise, meta-amplicon
sequencing, microbial ecology, root microbiome, salinity

Plants have microbes associated with their roots, of which bacteria are prominent (Babalola et al. 2020; Bakker et al. 2020; Compant et al. 2019; Hacquard et al. 2015; Jacoby et al. 2017).
Bacteria are highly abundant in the rhizosphere (RH), which is the
soil closely associated with the root, whereas the root interior—the
endophytic compartment (EC)—is less accessible (Edwards et al.
2015; Iniguez et al. 2005; Mendes et al. 2013; Wang et al. 2016).
The composition of these two root-associated bacterial microbiomes is generally different from that of the bulk soil, and this
difference is always biggest in the EC (Alegria Terrazas et al.
2020; Bulgarelli et al. 2012, 2015; Fernandez-Gonzalez et al.
2019; Lundberg et al. 2012). The composition of these root microbiomes is controlled by the plant genotype and the composition of
the soil microbiome, as well as environmental conditions (Bakker
et al. 2013; Berg and Smalla 2009; Lebeis et al. 2015; Philippot
et al. 2013; Sasse et al. 2018; Tang et al. 2022). The effect of the
plant genotype has been observed in several studies. For example,
a comparative analysis of Poaceae species showed that the differences in the composition of the root-associated microbiomes correlated with the phylogenetic distance of the host plants (Bouffaud
et al. 2014; Naylor et al. 2017). This plant genotype effect on the
root-associated microbiome is detected even between accessions
or cultivars of single species; for example, maize (Zea mays L.)
and barley (Hordeum vulgare L.) (Bulgarelli et al. 2015; Peiffer
et al. 2013; Perez-Jaramillo et al. 2018).
Several abiotic factors such as salinity, drought, extreme temperatures, nutrient deﬁciencies, and ﬂooding affect the composition of the root-associated microbiomes (Hartman and Tringe
2019; Hussain et al. 2018; Sandrini et al. 2022). Interestingly, a
study on the root microbiomes of 18 Poaceae species, including
barely, showed that the plant genotype effect is reduced by
drought as the composition of the root-associated microbiomes
became more similar (Naylor et al. 2017). However, whether this
reduced dissimilarity is a generic response to abiotic stress or,

alternatively, a drought stress-speciﬁc response remains elusive,
because some speciﬁc bacterial taxa do become dominant in the
root microbiomes under drought stress (e.g., Actinobacteria)
(Fitzpatrick et al. 2018; Naylor et al. 2017). In this study, we
questioned whether salt stress reduces the differences in the composition of the root microbiomes between two barley genotypes
and, if so, which genera it might involve.
Salt changes the physiology of most plant species, which
affects the composition of the root-associated microbiomes (Li
et al. 2021; Rizaludin et al. 2021). Because these microbiomes
have the potential to protect plants to some extent from salt stress
(Egamberdieva et al. 2019; Ilangumaran and Smith 2017), it is
important to know how salt affects their composition. This is relevant because many areas in the world are affected by salinization
(Hassani et al. 2020). It has been reported that 33% of the irrigated land used for agriculture has an increased salinity, which
represents 20% of the total cultivated land worldwide (Otlewska
et al. 2020). This salinization can have various causes such as
ﬂooding with seawater (Gould et al. 2020), the upward transport
of salts from the groundwater (Shi et al. 2005), and the use of
water with poor quality (Abdennour et al. 2021). Salinity also can
be the result of a combination of inappropriate irrigation practices
and excessive evapotranspiration, especially in arid and semiarid
areas (Hassani et al. 2020). Soil salinity causes reduced plant
growth, because it affects crop physiology in several ways. For
example, ions in the soil affect osmosis and this makes water less
available to the plant. Furthermore, excessive uptake of Na+ and
Cl− causes cytotoxicity for the plant and salinity also leads to the
accumulation of reactive oxygen species damaging the plant cells
(Awlia et al. 2021; Isayenkov and Maathuis 2019; Julkowska and
Testerink 2015; Julkowska et al. 2017; Karlova et al. 2021;
Lamers et al. 2020; Munns and Tester 2008; van Zelm et al.
2020). Thus, soil salinization is a major problem as it causes loss
of arable land.
We aimed to test the host plant genotype effect on the rootassociated microbiome of barley under salt stress. Although barley is moderately salt tolerant, its growth is reduced to approximately 50% at 110 mM exogenously applied NaCl (Munns and
Tester 2008). Extensive studies on the barley root-associated
microbiomes showed that the microbiome compositions of the
RH and EC differ signiﬁcantly from bulk soil samples (Bulgarelli
et al. 2015; Liu et al. 2019; Mitter et al. 2017). The barley EC
microbiome is low in diversity, indicating that this compartment
is highly selective (Bulgarelli et al. 2015; Liu et al. 2019; Mitter
et al. 2017). Furthermore, host plant genotype effects on the
microbiome have been found (Alegria Terrazas et al. 2020;
Bulgarelli et al. 2015; Liu et al. 2019). Because barley is selective
and shows a genotype effect, it is suited to study the salt effect on
the composition of the root-associated microbiomes. We used a
barley landrace from Algeria named AB and the barley reference
cultivar Golden Promise for our study, because we expected that
their microbiomes would be sufﬁciently different in the absence
of salt to allow us to study the effect on the level of dissimilarity
at high salt. The landrace AB is adapted and cultivated by farmers, for example, in the oasis of El-Golea (Algeria), while Golden
Promise was selected because it is a model for which molecular,
genetic, and genomics tools have been developed (Schreiber et al.
2019, 2020).
We argued that we could test our hypothesis in the best way
when using a microbiome that is adapted to a saline environment as well as to barley as a host plant. Communities adapted
to a certain trait have previously been created by an approach
named host-mediated selection on microbiome (Mueller and
Sachs 2015). This involves the growth of the host plant of
choice for several cycles on a microbiome and selection of the
property of interest. For example, this approach was used to create microbiomes that induce increased drought tolerance in

wheat (Triticum aestivum) (Jochum et al. 2019). We aimed to
select an adapted microbiome for barley grown on saline soil.
Therefore, we used soil from degraded farmland in El-Golea
and grew two cycles of barley landrace AB in the presence of
salt before we used this soil as inoculum. Additionally, we compared the microbiome of this landrace to the microbiome of the
reference Golden Promise when grown on this “AB-soil-trained
microbiome”.
Here, we show that landrace AB and Golden Promise formed
distinct root-associated microbiomes under control conditions.
Salt stress reduced the differences in the composition of the bacterial communities in the root-associated microbiome of landrace
AB and Golden Promise. These ﬁndings suggest that reduction
in dissimilarity caused by plant genotype is a more generic
response to abiotic stress.
RESULTS
The barley root-associated microbiome shows
distinct responses to mild and severe salt stress.
To determine the effect of salt on the composition of the bacterial communities of the bulk soil, the RH, and the EC, barley
landrace AB was grown on different concentrations of salt (discussed below) and, to compare the compositions of the bacterial
root-associated microbiome, we performed principal coordinate
analyses (PCoAs) using the rareﬁed amplicon sequence variant
(ASV) dataset (discussed below). This analysis was based on the
Bray-Curtis dissimilarity matrix between all samples. RH and EC
samples were separated from “barley soil” along the ﬁrst component (36% of variance) and, especially along the second component, RH and EC samples were separated (30% of variance) (Fig.
1A). By including the barley soil, the RH and EC samples clustered more closely. To increase the resolution between these samples, we repeated the analysis, now excluding the barley soil
samples (Fig. 1B). This showed that bacterial communities from
the RH were distinct from the EC along the ﬁrst coordinate (47%
of the variance). Permutational multivariate analysis of variance
(PERMANOVA) conﬁrmed that the difference between the two
compartments was signiﬁcant (R2 = 0.42, P < 0.001). Along the
second coordinate (16% of variance), a gradual distribution of
bacterial communities in both RH and EC was observed, in accordance with the salt gradient.
Differences in the barley root-associated bacterial communities
were most pronounced when comparing compartments. Because
we aimed to study the effect of the salt gradient on the composition
of the bacterial communities in RH and EC, we analyzed these two
compartments separately using constrained PCoA (CPCoA), constrained by salt. The RH samples had a gradual distribution along
the ﬁrst coordinate (52% of variance) with 0 mM on the left and
250 mM on the right (Fig. 1C). Along the second coordinate
(23% of variance), such a gradual distribution occurred up to 150
mM. However, the samples of 200 and 250 mM positioned
markedly closer to 0 and 50 mM. In the case of the EC, the ﬁrst
two coordinates of the CPCoA analysis explained 47 and 25% of
the variance (Fig. 1D). Also, in the EC, there was a gradual
change in the position of samples along the ﬁrst coordinate, with
0 and 250 mM at the extreme ends. Along the second coordinate,
EC samples from 0 and 100 mM were separated and, at higher
salt concentrations, the samples were positioned gradually closer
to 0 mM. Comparisons by pairwise PERMANOVA showed that
most of the EC samples of different salt levels formed clusters
signiﬁcantly distinct from each other (adjusted P < 0.05)
(Table 1). In most cases, the adjusted P values of pairwise comparison ordinations of samples of RH were slightly higher than
0.05 (Table 1).
Thus, in both the RH and the EC, the effect of the ﬁrst coordinates became bigger with increasing salt concentrations (up to
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250 mM NaCl). In contrast, the two second coordinates had the
most effect at modest salt levels (100 to 150 mM NaCl). This
indicates that the physiological response to mild salt stress is distinct from that of severe salt stress. In the following experiment,
intended to compare the microbiomes of the landrace AB and
Golden Promise, we used 0, 100, and 200 mM salt to cover
mild and severe stress and increase the chance to obtain signiﬁcant differences between the microbiomes of plants grown at
different salt levels.

weight almost doubled when the microbiome was present and it
was signiﬁcant (Tables 2 and 3).
This indicates that AB-soil-trained microbiome promotes
growth of both barley genotypes at all three salt concentrations.
However, at 0 and 100 mM, growth stimulation of Golden
Promise was rather small and not signiﬁcant, whereas growth of
landrace AB was signiﬁcantly stimulated. At a high salt level,
growth of both genotypes was signiﬁcantly stimulated.

AB-soil-trained microbiome promotes growth
of two barley genotypes under saline conditions.
To study the effect of mild and severe salt stress on the rootassociated microbiomes, we cultured landrace AB and Golden
Promise at 0, 100, and 200 mM.
To test whether the microbiome might stimulate growth, we
cultured the plants with and without the AB-soil-trained microbiome. Shoots were harvested when the plants were 4 weeks old
and, therefore, had been exposed to salt for 2 weeks. Both barley
genotypes were sensitive to salt because a gradual drop of the biomass took place with increasing salt concentrations (Fig. 2),
although Golden Promise was affected more severely than landrace AB (at 200 mM, 51 versus 27% reduction of shoot weight).
The difference in shoot biomass between 0 and 200 mM was signiﬁcant (P < 0.05, t test) for both genotypes. Inoculation with
10% AB-soil-trained microbiome resulted in more than 50%
growth promotion of landrace AB at 0, 100, and 200 mM NaCl
and in all cases this increased growth was signiﬁcant (P < 0.05,
t test). Growth promotion in Golden Promise also occurred at all
conditions. At 0 and 100 mM, the growth promotion was relatively minor and not signiﬁcant. At 200 mM, the shoot fresh

Table 1. Pairwise permutational multivariate analysis of variance of the
bacterial community changes in the roots of Algerian barley landrace
AB under a gradient of salt (0, 50, 100, 150, 200, and 250 mM NaCl)a

A

B

C

D

Rhizosphere
Pairwise comparisons
0 vs. 50 mM
0 vs. 100 mM
0 vs. 150 mM
0 vs. 200 mM
0 vs. 250 mM
50 vs. 100 mM
50 vs. 150 mM
50 vs. 200 mM
50 vs. 250 mM
100 vs. 150 mM
100 vs. 200 mM
100 vs. 250 mM
150 vs. 200 mM
150 vs. 250 mM
200 vs. 250 mM
a

R

2

0.29
0.35
0.52
0.47
0.52
0.1
0.32
0.39
0.47
0.18
0.31
0.41
0.27
0.34
0.14

Endophytic compartment

P adjusted

R2

P adjusted

0.078
0.078
0.068
0.068
0.068
0.607
0.068
0.068
0.068
0.302
0.068
0.068
0.090
0.068
0.528

0.47
0.57
0.66
0.6
0.6
0.27
0.44
0.4
0.48
0.32
0.34
0.47
0.2
0.32
0.19

0.045
0.045
0.045
0.045
0.045
0.045
0.045
0.045
0.045
0.069
0.045
0.045
0.058
0.045
0.229

P value was adjusted by the false discovery rate method of BenjaminiHochberg; marked in bold indicates P < 0.05.

Fig. 1. Effects of a salt gradient on barley root-associated microbiome. A, Principal coordinates analysis (PCoA) of bacterial communities in the bulk
soil, rhizosphere, and endophytic compartment of Algerian barley landrace AB exposed to six different salt concentrations: 0, 50, 100, 150, 200, and
250 mM NaCl. Bray-Curtis dissimilarities were calculated with amplicon sequence variant read counts after rarefaction and standard filtering. B, PCoA
excluding bulk soil samples. Constrained PCoA (CPCoA) of bacterial communities by the salt treatment in the C, rhizosphere and D, endophytic compartment samples. For each sample type, four biological replicates were analyzed. Shape of the data points indicates the compartment and their color corresponds to the salt concentration. Permutational multivariate analysis of variance (PERMANOVA) and pairwise PERMANOVA were used to test
significant differences among the samples.
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The a-diversity of root-associated bacterial microbiomes
in response to salt.
To compare the effect of salt on the root-associated microbiomes
of landrace AB and Golden Promise, we analyzed the a-diversity,
compared the phyla distribution, and performed PCoAs.
We have calculated richness (ASVs) and evenness based on a
rareﬁed dataset of ASVs. Salinity had no strong effect on richness
and evenness in the root-associated microbiomes (Fig. 3). In the
RH of landrace AB, the evenness was reduced by 3%, whereas
the decrease in the richness at 200 mM was not signiﬁcant. In EC
of landrace AB at 200 mM, a-diversity increased, with approximately 20 and 8%, richness and evenness, respectively. There
was also no signiﬁcant effect in EC of Golden Promise (Fig. 3).
In both RH and EC, there was no signiﬁcant effect on the
a-diversity (P < 0.05, analysis of variance [ANOVA] with
Tukey’s honestly signiﬁcant difference [HSD] test).
Salt decreases the dissimilarity
between the root-associated bacterial microbiomes
of AB landrace and Golden Promise.
Next, we determined the effect of salt on the composition of the
root-associated bacterial microbiomes of the two barley genotypes.
The two genotypes had a similar phylum distribution in their RH
and also the composition of their EC was comparable. Proteobacteria and Bacteroidetes were the two major phyla and Actinobacteria,
Verrucomicrobia, Acidobacteria, and Gemmatomonadeles had a
modest relative abundance. In the EC, the relative abundance of
Actinobacteria increased and that of Verrucomicrobia, Acidobacteria, and Gemmatomonadeles decreased in comparison with RH
(Supplementary Fig. S1). Salt did not affect the phyla distribution in
the root-associated bacterial microbiomes of each genotype. The differences in both genotypes were primarily due to the compartment
effect.
To compare the effect of salt on the community level in the
RHs and ECs, we performed PCoA analyses. This was based on

the Bray-Curtis dissimilarity matrix between all RH samples of
the two genotypes (Fig. 4A) and all samples of the ECs
(Fig. 4B), respectively. The RH samples of both genotypes separated along the ﬁrst principal coordinate (46% of variance) by
salt concentration and at the different salt concentrations the
samples of the two genotypes, positioned similarly along this
axis. The samples were separated by genotype along the second
principal coordinate, which represents 9% of variance. The EC
samples of both genotypes separated in a similar way, along the
ﬁrst coordinate (33% of variance) by salt concentration and
along the second coordinate by genotype (15%). However, at
200 mM salt, the EC samples of the two genotypes were almost
not separated. To quantify the differences between samples of
the two genotypes, pairwise PERMANOVAs were performed
for landrace AB and Golden Promise samples of a certain
condition and compartment (Table 4). This showed the lowest
R2 value for the comparison of EC samples obtained from
plants treated with 200 mM NaCl (0 mM, R2 = 0.28; 100 mM,
R2 = 0.20; and 200 mM, R2 = 0.11). Whereas differences in
Table 2. Growth promotion of Algerian barley landrace AB and barley
cultivar Golden Promise by the AB-soil-trained microbiome
Plant genotype
Variables

a

AB landrace

Golden Promise

Salt level
0
100
200
0
100
200
(mM NaCl)
FW-RS (g/plant)
0.442
0.352
0.324 0.716
0.585
0.354
FW-BS (g/plant)
0.69
0.655
0.591 0.916
0.7
0.698
Growth
56.11
86.08
82.41 27.93
19.66
97.18
promotion (%)
a

FW-RS = mean fresh shoot weight (FW) per plant, grown on sterile
river sand (RS); FW-BS = mean FW per plant, grown on sterile river
sand mixed with 10% AB-soil-trained microbiome (BS); and Growth
promotion = (BS − RS)/RS.

Salt concentration (mM NaCl)
Fig. 2. Barley-soil-trained microbiome promotes growth of barley under salt stress conditions. The shoot fresh weight (g/plant) of Algerian barley landrace AB and barley cultivar Golden Promise grown under three salt levels in two soils is shown. Barley seedlings were transplanted into sterile river
sand with or without the 10% barley-soil-trained microbiome. After 2 weeks of growth, plants were exposed to salt (0, 100, and 200 mM NaCl) and harvested 2 weeks later. The weight of each replicate is shown by a gray dot, shaped differently (square for no barley-soil-trained microbiome added, circle
for 10% barley-soil-trained microbiome inoculation). The mean value of each sample type is shown by a cross symbol and colored accordingly. Asterisks
indicate statistical significance (P < 0.05, t test) between soil treatments.
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bacterial root microbiome between Golden Promise and landrace
AB were signiﬁcant for plants treated with 0 and 100 mM, it
was not for plants treated with 200 mM NaCl. This demonstrates that, at 200 mM NaCl, the EC bacterial microbiomes of
the barley genotypes landrace AB and Golden Promise became
similar. A comparable pattern was observed for the bacterial
microbiome in the RH, albeit it was less strong than in the EC
(Table 4).
To further analyze whether the dissimilarity between the rootassociated microbiomes of the two genotypes became smaller at
high salt, we did abundance analysis. We identiﬁed ASVs with

more than fourfold increased relative abundance at 100 or
200 mM in comparison with 0 mM with P < 0.05. To compare
the root-associated microbiomes, we determined which of these
enriched ASVs are shared by the two genotypes and which are
unique. This showed that there are fewer unique enriched ASVs
in both RH and EC at high salt, whereas the number of shared
enriched ASVs increased (Table 5). To test this in an independent manner, indicator species analysis was performed. This
analysis was visualized in bipartite networks summarizing the
identiﬁed indicator ASVs within the RH and EC samples that
are positively and signiﬁcantly (P < 0.05) correlated with one or

Table 3. Growth difference of two barley genotypes in two soil types and three salt levels (0, 100, or 200 mM)a
Genotype, soil type, salt level (mM)
Algerian barley landrace AB
RS
Genotype, soil, salt
AB
RS
0
100
200
BS
0
100
200
GP
RS
0
100
200
BS
0
100
200
a

Barley cv. Golden Promise

BS

RS

BS

0

100

200

0

100

200

0

100

200

0

100

200

−
−
−

0.09
−
−

0.12
0.03
−

−0.25
−0.34
−0.37

−0.21
−0.3
−0.33

−0.15
−0.24
−0.27

−
−
−

−
−
−

−
−
−

−
−
−

−
−
−

−
−
−

−
−
−

−
−
−

−
−
−

−
−
−

0.04
−
−

0.1
0.06
−

−
−
−

−
−
−

−
−
−

−
−
−

−
−
−

−
−
−

−
−
−

−
−
−

−
−
−

−
−
−

−
−
−

−
−
−

−
−
−

0.03
−
−

0.36
0.23
−

−0.2
−0.033
−0.56

0.02
−0.12
−0.35

0.02
−0.11
−0.34

−
−
−

−
−
−

−
−
−

−
−
−

−
−
−

−
−
−

−
−
−

−
−
−

−
−
−

−
−
−

0.22
−
−

0.22
0
−

AB = Algerian barley landrace AB and GP = barley cultivar Golden Promise. Values indicate the difference of mean fresh shoot weight per plant of
the treatment on the left versus that of the treatment on the top. RS = barley grown on sterile river sand and BS = barley grown on sterile river sand
mixed with 10% AB-soil-trained microbiome. Multiple t tests were adjusted by Benjamini-Hochberg. Values in bold indicate adjusted P < 0.05.

A

B

Fig. 3. a-Diversity of barley root-associated microbiomes at different salt concentrations. The a-diversity of bacterial communities in the rhizosphere and
endophytic compartment of Algerian barley landrace AB and barley cultivar Golden Promise grown at three salt levels is shown. The a-diversity was
measured by two indices: A, richness and B, evenness. Indices were calculated using the rarefied amplicon sequence variant table. For each sample type,
five biological replicates were included. Color of the box corresponds to a specific salt concentration (0, 100, and 200 mM NaCl). Red italic letters
above the box indicate statistical significance (P < 0.05, analysis of variance with Tukey’s honestly significant difference test) between salt treatment.
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two salt concentrations (Supplementary Fig. S2). In both, landrace AB and Golden Promise, approximately 40% of the ASVs
were salt responsive in the RHs whereas, in the ECs, this was
22 to 24% of the ASVs (Supplementary Table S1). Indicator
species analysis showed that the majority of the indicator ASVs
positively responding to salt (salt clusters in 100, 200, and
100 to 200 mM NaCl) were shared by the two genotypes
(Table 5; Supplementary Table S2). This conﬁrmed the differential abundance analysis, showing that salt stress decreases the
dissimilarity of root-associated bacterial microbiomes of the two
barley genotypes.
Next, we wanted to know what are the dominant ASVs of each
genotype under different salt conditions and whether there are
more overlaps of dominant ASVs between these two genotypes
under high salinity. Therefore, we compared the 10 most abundant ASVs from both genotypes under different salt conditions, in
different compartments. These 10 most abundant ASVs generally
represented approximately 30 and 40% of the total reads in RH
and EC, respectively. First, this showed that Pseudomonas spp.
are most dominant in RH and EC of both genotypes, whereas
none of the abundant 10 ASVs belong to Actinobacteria (Fig. 5;
Supplementary Fig. S3). Both landrace AB and Golden Promise
shared six to seven abundant ASVs in RH and EC when grown in
0 or 100 mM NaCl but also possessed plant genotype-speciﬁc
ASVs that are abundant in the root microbiome. However, the
genotype-speciﬁc effect decreased when plants were exposed to
200 mM NaCl, resulting in the recruitment of the same 10 most
abundant strains in the EC of the landrace AB and Golden Promise (Fig. 5).
Taken together, these ﬁndings show that the genotype effect
on the root microbiome composition in barley decreases with
increasing salt concentration.
DISCUSSION
Here, we showed that exogenously applied salt reduces the dissimilarity of the root-associated microbiomes of two barely accessions. The AB landrace and the reference cultivar Golden Promise
displayed distinct plant genotype effects on the root microbiome
composition when plants were grown under low salt conditions.
However, application of 200 mM NaCl resulted in a decrease of
the dissimilarity of the root microbiomes, an increase in the number of shared ASVs that positively responded to high salt in both
genotypes, and an increased similarity in ASVs that were abundantly present in the RH, the EC, or both.
PCoAs showed that, at the population level, the bacterial
microbiomes of landrace AB and Golden Promise responded

A

similarly to salt. The differences caused by the plant genotype
were smaller than those caused by salt. Additionally, the genotype effect became smaller at higher salt levels. This reduction
of the dissimilarity between the root microbiomes of the two
plant genotypes at high salt was most severe in the EC. At
200 mM salt, the EC microbiomes of both samples had similar
positions along the ﬁrst and second coordinates and the small
difference was not signiﬁcant. In contrast, at 0 and 100 mM
salt, the differences between the root-associated microbiomes of
the two genotypes were signiﬁcantly different. The reduced dissimilarity at high salt can be caused by a reduced plant genotype
effect or, alternatively, a result of a reduced richness of the soil
microbiome due to salt application. To discriminate between
these two scenarios, ideally, the microbiome of the bulk soils
after salt treatment needed to be quantiﬁed. However, the chosen experimental setup did not allow such an approach because,
at the end of the experiment, pots were well ﬁlled with roots and,
thus, it was not feasible to collect soil samples that had not been
in close contact with roots. To obtain insight into the salt effect on
the microbiome, we studied the richness in RH soils. Because
these were only slightly reduced upon salt application, we postulate that the microbiome of the bulk soil may respond similarly.

Table 4. Pairwise permutational multivariate analysis of variance of the
bacterial community changes in the roots of two barley genotypes under
three salt levelsa
Rhizosphere
Comparisons
AB.0 vs. AB.100
AB.0 vs. AB.200
AB.0 vs. GP.0
AB.0 vs. GP.100
AB.0 vs. GP.200
AB.100 vs. AB.200
AB.100 vs. GP.0
AB.100 vs. GP.100
AB.100 vs. GP.200
AB.200 vs. GP.0
AB.200 vs. GP.100
AB.200 vs. GP.200
GP.0 vs. GP.100
GP.0 vs. GP.200
GP.100 vs. GP.200
a

R

2

0.56
0.63
0.29
0.49
0.62
0.28
0.60
0.27
0.26
0.64
0.42
0.25
0.48
0.63
0.33

Endophytic compartment

P adjusted

R2

P adjusted

0.013
0.013
0.013
0.013
0.013
0.013
0.013
0.013
0.013
0.013
0.013
0.020
0.013
0.013
0.013

0.35
0.44
0.28
0.37
0.47
0.21
0.45
0.20
0.22
0.49
0.25
0.11
0.38
0.49
0.20

0.020
0.018
0.018
0.018
0.018
0.033
0.018
0.042
0.027
0.018
0.018
0.399
0.018
0.018
0.042

AB = Algerian barley landrace and GP = barley cultivar Golden
Promise. Comparisons: treatments abbreviated as genotype.salt level. P
values were adjusted by the false discovery rate method of BenjaminiHochberg. Values in bold indicate P adjusted < 0.05.

B

Fig. 4. Root microbiomes of the Algerian barley landrace AB and barley cultivar Golden Promise become more similar upon salt treatment. Principal
coordinates analyses (PCoAs) of bacterial communities in the A, rhizosphere and B, endophytic compartment of both landrace AB and Golden Promise
grown at three salt concentrations are shown. For each sample type, five biological replicates were analyzed. Filled shapes (circle or triangle) refer to
landrace AB and open shapes refer to Golden Promise samples. Color of the dot corresponds to salt concentrations (0, 100, and 200 mM NaCl).
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In contrast to the slightly reduced richness in RH soil, the richness
of EC showed a slight increase or stayed similar (Fig. 3). Because
richness (diversity) of the EC microbiomes was not reduced, the
reduced dissimilarity at high salt is most probably caused by a
reduced plant genotype effect.
The PCoAs (Fig. 4) indicated that the response of barley to
mild salt stress has aspects that are distinct from that of severe salt
stress. The analysis of the salt gradient experiment showed that
the strongest shift along the second coordinate occurred with the
mild salt samples. That mild salt involves some speciﬁc changes
is further supported by the presence of indicator ASVs speciﬁc
for the 100 mM NaCl clusters (Supplementary Table S2). It has
not been well studied whether plants have distinct physiological
responses to mild and severe salt stress. In contrast, variation in
response has been well documented for mild and severe drought
stress. It was shown that approximately 25% of the genes differentially expressed under mild drought stress are not induced during severe drought stress (Clauw et al. 2015). Based on our
ﬁndings, we postulate that the plant’s physiological response may
be salt concentration dependent, similar to what was reported for
drought.
At high salt (200 mM), the 10 ASVs with the highest relative
abundances in the EC microbiomes were identical for both barely
accessions; even the relative abundances of the strains were similar. Also, the ASVs positively responding to high salt were similar
in both genotypes. The underlying mechanism of this effect
remains elusive. For example, the two barley accessions could
vary in physiology or in secondary metabolites produced by the
root at low salt, whereas the physiological response to high salt is
similar. This might have caused the composition of the microbiomes at high salt to become more similar.
The salt-stress-dependent reduction of the plant genotype effect
on the root-associated microbiomes is in line with a study on
drought on Poaceae species. This showed that drought decreased
the dissimilarity between the microbiomes of these species
(Naylor et al. 2017). In the case of drought, this reduction of the
plant genotype effect correlates with an increase in the relative
abundance of Actinobacteria (Naylor et al. 2017; Santos-Medellın
et al. 2017; Simmons et al. 2020). In our study, the relative abundance of Actinobacteria remained low under saline conditions; for
example, in the RH of landrace AB, 2 of 208 and, in its EC, 7 of
119 positively responding ASVs were Actinobacteria (Supplementary Fig. S2). Thus, Actinobacteria seem to play a minor role in the
observed dynamics in the root microbiome induced by salinity.
We found that the salt effect on the a-diversity the bacterial
root microbiome was limited. In other studies, it has been reported
that the a-diversity of the root microbiome is affected upon salt
application (Li et al. 2021). It has been hypothesized that an
increase of the a-diversity is due to a decrease of abundant strains,
which gives room to more rare strains (Benidire et al. 2020;

Santos et al. 2021; Yang et al. 2016). In our study, this was not
the case because the relative abundance of dominant ASVs was
not affected by the treatment. Indicator species analyses showed
that the number of ASVs of which the relative abundance
increased or decreased upon salt treatment was comparable (Supplementary Table S1; Supplementary Fig. S2). This most probably explains why, in barley, the a-diversity was only slightly
affected upon salt treatment.
The AB-soil-trained microbiome used in our experiment
resulted in root microbiomes in which Pseudomonas-related
ASVs were abundant. Collectively, Pseudomonas spp. represented
more than 30% relative abundance under all the conditions. However, the response to salt of these stains varied. For example,
of the top three most abundant Pseudomonas strains, two
responded positively and one negatively to salt (Fig. 5; Supplementary Fig. S3). This is consistent with an earlier study, where
Pseudomonas spp. were highly abundant in the root microbiome
of Medicago truncatula, while individual strains responded differently to salt (Yaish et al. 2016). This suggests occurrence of
genetic variation in Pseudomonas in the capacity to colonize plant
roots under high salt conditions.
Previous studies have shown that inoculation with individual
bacterial strains, including Pseudomonas spp., can confer growth
promotion to various crops under saline conditions (Cardinale
et al. 2015; Egamberdieva et al. 2019). Pseudomonas strains have
been shown to alleviate salt stress in a diverse range of species,
including chickpea (Jatan et al. 2019), cucumber (Egamberdieva
et al. 2011), cotton (Egamberdieva et al. 2015), red pepper
(Chatterjee et al. 2017), soybean (Egamberdieva et al. 2017), sunﬂower (Fatima and Arora 2021), Citrus (Vives-Peris et al. 2018),
tomato (Orozco-Mosqueda et al. 2019), Arabidopsis (Chu et al.
2019), mustard (Phour and Sindhu 2020), and garlic (Zhuang et al.
2021). However, it was also reported that a growth-promoting
Pseudomonas strain inoculated on the roots of barley did not
result in a signiﬁcant growth increase under salt conditions
(Rahman et al. 2018). This shows that plant growth promotion
under saline conditions is dependent on the plant genotype and
the bacterial inoculum. We showed that the AB-soil-trained
microbiome promoted plant growth, especially at high salt, but
we did not demonstrate which bacteria contributed to this
response. To answer this question requires the isolation and testing of bacterial strains. Our study provides some indications of
which ASVs are potential candidates to be tested for growthpromoting effects under high salt conditions. ASVs relatively
abundant in a root-associated microbiome of both barley genotypes under all conditions represent such candidates (Table 6, in
bold). These include Pseudomonas and Agrobacterium, genera of
which species have previously been shown to confer salt tolerance to their host plants (Chatterjee et al. 2017; Chu et al. 2019;
Egamberdieva et al. 2019).

Table 5. Number of amplicon sequence variants (ASVs) enriched in saline condition in the roots of two barley genotypesa
Algerian barley landrace AB
Comparison
Rhizosphere
100 versus 0 mM (number)
Percentage (%)
200 versus 0 mM (number)
Percentage (%)
Endophytic compartment
100 versus 0 mM (number)
Percentage (%)
200 versus 0 mM (number)
Percentage (%)
a

Barley cv. Golden Promise

Unique

Shared

Total

Unique

Shared

Total

106
54.36
91
41.55

89
45.64
128
58.45

195
−
219
−

55
38.19
73
36.32

89
61.81
128
63.68

144
−
201
−

82
58.16
77
44.25

59
41.84
97
55.75

141
−
174
−

58
49.57
72
42.60

59
50.43
97
57.40

117
−
169
−

Comparison: the relative abundance of ASV increased under saline condition (100 or 200 mM) in comparison with that under nonsaline condition
(0 mM). Unique = enriched ASVs only detected in one genotype and Shared = enriched ASVs detected in both genotypes.
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The growth of Golden Promise was signiﬁcant at 200 mM salt
whereas barley landrace AB also showed a signiﬁcant increase of
growth at 0 and 100 mM. Because the microbiomes of these two
genotypes are more different at these concentrations, the landrace
AB microbiomes could stimulate growth better. This might be the

result of a better adaptation of landrace AB to the AB-soil-trained
microbiome. At 200 mM, the microbiomes of the two genotypes
became less different and could stimulate growth in both barley
genotypes in a similar way. It is possible that growth stimulation
of Golden Promise at low salt concentration could be higher,

A

B

C

Fig. 5. Abundant bacterial amplicon sequence variants (ASVs) in the endophytic compartment of two barley genotypes become similar upon salt application. Ten most abundant ASVs (top-10) in the endophytic compartment (EC) of Algerian barley landrace AB and barley cultivar Golden Promise at three
salt concentrations: A, 0; B, 100; and C, 200 mM NaCl. On the left, a Venn diagram represents the number of shared and unique top-10 ASVs between
the two genotypes. On the right, the y-axis of the bar chart shows taxonomic information and the ASV number assigned in this study and the x-axis represents the mean relative abundance of ASV in the EC of the genotype. The top-10 ASVs are colored, ASVs shared by two genotypes are shown in
dark purple and nonshared ASVS are shown in pink (top-10 ASV) or gray (non-top-10 ASV). ASVs were ordered by their relative abundance in the EC
of Algerian barley landrace AB. In all EC samples, ASV_1 (unclassified Pseudomonadaceae) and ASV_6 (Pseudomonas) were the two most abundant
ASVs. In the EC of roots grown at 200 mM NaCl, all top-10 ASVs were shared and their relative abundance was similar in both genotypes.
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when this cultivar would have been used to create a host-selected
“barley-soil-trained microbiome”.
In conclusion, we showed that salt stress reduced the dissimilarity of the root-associated microbiomes of two barley genotypes,
which most probably is caused by a reduced plant genotype effect.
This salt-induced decrease in microbiome dissimilarity is similar
to what is observed with drought stress. However, in contrast to
drought stress, the salt-induced decrease in microbiome dissimilarity didn’t correlate with an increase of the relative abundance of
Actinobacteria but, instead, with members of Pseudomonas.
Therefore, the reduction of plant genotype-dependent dissimilarity
is not strictly correlated with Actinobacteria but can involve species from other genera. We postulate that the reduction of the plant
genotype-dependent dissimilarity of the root-associated microbiomes is a more generic response to abiotic stress.

Houari Boumediene Research Experimental Field Station
located in the El-Golea Oasis, in the Sahara of Algeria (Supplementary Fig. S4). Soil from this station was saline (5.6 dS/m,
approximately 56 mM NaCl), sandy, and poor in nutrients; this
was named “starting soil”. El-Golea local landrace barley seeds,
bought from the local market, were used because this landrace,
which we named landrace AB, was probably well adapted to the
local conditions. To enhance the microbiome in the starting soil,
we cultivated the local landrace AB for two cycles. In the ﬁrst
cycle, landrace AB was grown on this starting soil for 4 weeks
without additional salt. After harvesting barley, the resulting soil
was collected and homogenized. One plot of 100 by 100 by
50 cm (for control plants) and three plots of 50 by 50 by 50 cm
(for salt-treated plants) were created, covered with plastic, and
subsequently ﬁlled with this soil. Landrace AB was grown in
these plots and irrigated with water. After 1 week of growth,
plants were subjected to salt treatment by irrigation with an
NaCl solution by which salt concentrations of approximately 50,
100, and 200 mM were created. Plants were grown for an additional 3 weeks. Soil (2 kg) was collected from each salt condition and stored at 4.0 C for further use in experiments under
controlled conditions. For the lab experiments, soils collected
from the four different plots were mixed in equal amounts and
named the AB-soil-trained microbiome.

MATERIALS AND METHODS
AB-soil-trained microbiome preparation.
To create a soil with a microbiome that might stimulate growth
of barley under saline conditions, we made use of soil of a saline
ﬁeld that, in the past, was farmland on which several crops,
including barley, had been cultured. Inappropriate irrigation practices in the past have led to degraded land where crops could
no longer effectively be grown. During a few decades, only some
halophytes such as Zygophyllum and Imperata spp. grew in this
ﬁeld. The selected saline area (30 37901.40 N, 2 52942.70 E) was
located in the Universite des Sciences et de la Technologie

Experiments under controlled conditions.
Barley seeds were surface sterilized as follows. Dry seeds were
soaked in 4% commercial bleach for 5 min, then washed with

Table 6. Indicator species analysis of amplicon sequence variants (ASVs) with a high relative abundance in the roots of Algerian barley landrace AB or
barley cultivar Golden Promisea
Plant genotype, compartment
Algerian barley landrace AB
Rhizosphere
ASVs
1_Unclassified Pseudomonadaceae
4_Pseudomonas
6_Pseudomonas
8_Flavobacterium
11_Hydrogenophaga
17_Agrobacterium
18_Cellvibrio
22_Unclassified Cytophagaceae
24_Agrobacterium
29_Pseudomonas
32_Agrobacterium
34_Unclassified Pseudomonadaceae
36_Flavobacterium
39_Pseudoxanthomonas
48_Variovorax
49_Achromobacter
50_Unclassified Chromatiaceae
53_Unclassified Comamonadaceae
58_Unclassified Stenotrophomonas
66_Unclassified Alteromonadaceae
73_Dyadobacter
78_Flavobacterium
83_Janthinobacterium
89_Halomonas
90_Unclassified Flammeovirgaceae
112_Pseudomonas
134_Cellvibrio
166_Rheinheimera
195_Unclassified Flavobacteriaceae
282_Pseudomonas
a

Barley cv. Golden Promise

Endophytic compartment

Rhizosphere

Endophytic compartment

Top

Ind

Cluster

Top

Ind

Cluster

Top

Ind

Cluster

Top

Ind

Cluster

T
T
T
T
T
…
T
…
…
…
…
…
T
…
…
…
T
T
…
T
T
T
T
T
…
…
…
T
T
…

+
+
…
…
+
…
–
…
…
…
…
…
…
…
…
…
+
–
…
…
–
…
–
+
…
…
…
+
+
…

100–200
100
…
…
100–200
…
0
…
…
…
…
…
…
…
…
…
200
0
…
…
0
…
0
200
…
…
…
200
200
…

T
T
T
T
T
T
T
T
T
…
T
…
T
…
T
T
T
T
…
…
…
…
…
…
T
…
…
…
…
…

+
…
–
…
+
…
–
…
…
…
…
…
…
…
–
…
…
–
…
…
…
…
…
…
+
…
…
…
…
…

100
…
0
…
100–200
…
0
…
…
…
…
…
…
…
0
…
…
0
…
…
…
…
…
…
100–200
…
…
…
…
…

T
…
T
T
T
…
T
T
…
T
…
…
T
…
T
…
T
T
…
T
…
T
T
…
…
…
T
T
…
…

+
…
–
+
+
…
–
…
…
+
…
…
…
…
–
…
…
–
…
+
…
+
–
…
…
…

100–200
…
0
200
200
…
0
…
…
0–100
…
…
…
…
0
…
…
0
…
200
…
100–200
0
…
…
…

+
…
…

200
…
…

T
…
T
…
T
T
…
T
T
T
…
T
T
T
T
T
T
T
T
…
…
…
…
…
T
T
…
…
…
T

+
…
…
…
+
…
…
…
…
+
…
–
…
+
–
+
…
–
–
…
…
…
…
…
+
…
…
…
…
–

100–200
…
…
…
200
…
…
…
…
0–100
…
0
…
100
0
100–200
…
0
0
…
…
…
…
…
200
…
…
…
…
0

ASVs = information assigned in this study, including the taxonomic and number. ASVs indicated in bold represent putative candidate strains for
further functional study. Top = top 10; T indicates ASVs belonging to the 10 most abundant ASVs. Ind = identified indicator ASVs, grouped by
positively responds to salt (+) or negatively responds to salt (−). Cluster = indicator ASVs that correlate with one or two salt concentrations.

600 / Molecular Plant-Microbe Interactions

sterile distilled water at least ﬁve times. Sterile seeds were placed
in Petri dishes on wet sterile ﬁlter paper at 4.0 C for 24 h; then
moved to 28.0 C for 24 h to germinate in the dark. Subsequently,
they were exposed to light for 24 h at 28.0 C. Five uniform size
seedlings were planted into pots containing 1.5 kg of soil composed of 90% sterile (c irradiated) river sand and 10% of the
AB-soil-trained microbiome. The soil was saturated with
F
arhraeus nutrient solution (per liter: 0.12 g of MgSO4.7H2O,
0.1 g of KH2PO4, 0.15 g of Na2HPO4.2H2O, 1 ml of 15 mM
Fe-citrate, and 2.5 ml of trace elements B). After autoclaving,
0.75 ml of 1 M Ca (NO3)2 and 0.7 ml of 1M CaCl2.2H2O
(F
arhraeus 1952) was added. The water holding capacity (WHC)
of this soil is 150 ml of water per 1 kg of soil. Plants were grown
at 25.0 C, 40.0% humidity, and a photoperiod of 16 h of light and
8 h of darkness using a plant growth cabinet (Weiß Kast). Three
times per week, the pots were weighed and their water content
was adjusted to 70% WHC using sterile distilled water. Each
time, the position of the pots was randomized in the growth cabinet. After 2 weeks, plants were treated with salt. Prior to salt treatment, water was added to approximately 70% of WHC. Salt
application was done as previously described (Awlia et al. 2016).
To determine the concentrations of salt that we could use in
an experiment in which we aimed to compare the rootassociated microbiomes of the barley landrace AB and Golden
Promise, we ﬁrst did a pilot experiment in which landrace AB
was grown in a salt gradient. In short, pots with AB landrace
plants were submerged for 30 min in saline solutions of 0, 75,
150, 225, 300, and 375 mM NaCl and were left to drain. In this
way, the salt concentration became 0, 50, 100, 150, 200, and
250 mM NaCl and increased when the WHC was back to 70%.
This was maintained by adding distilled water for 2 weeks, after
which plant growth was scored by measuring the fresh shoot
weight (Supplementary Fig. S5).
In a second experiment, barley Golden Promise and AB landrace were grown using the same setup as described above. This
cultivar was selected because it can be transformed (Schreiber
et al. 2019, 2020), which will facilitate future functional analyses.
Salt concentrations were limited to 0, 100, and 200 mM NaCl. In
all cases when plants were inoculated with 10% AB-soil-trained
microbiome, the concentrations of NaCl were approximately
176 mM higher because the AB-soil-trained microbiome contained approximately 176 mM NaCl (Supplementary Fig. S6).
Collecting soil and harvesting plant materials.
For both experiments, bulk and RH soil and roots were collected as described by Schneijderberg et al. (2020), which was
based on Lundberg et al. (2012). Four biological replicates were
made for each treatment by pooling ﬁve individual plants into
one sample. RH soil was collected by washing roots using sterile
phosphate buffer (per liter: 6.33 g of NaH2PO4.H2O, 10.96 g of
Na2HPO4.2H2O, and 200 ll of Silwet L-77) according to
Schneijderberg et al. (2020). Subsequently, roots were cleaned
by several washes with phosphate buffer until the washing solution remained clean and roots were placed in an ultrasonic water
bath by alternating 30-s bursts followed by 30 s of rest, for a
total of 10 min. Then, they were dried on ﬁlter paper in the ﬂow
cabinet. Soil and root samples were frozen in liquid nitrogen and
stored at −80 C until DNA isolation.
DNA extraction, Illumina meta-amplicon sequencing,
and data processing.
DNA was isolated from bulk and RH soil using the Mo Bio
PowerSoil kit (Qiagen) and from the root (EC) using the Fast DNA
Spin Kit for Soil (MP Biomedicals), following the manufacturer’s
instructions. DNA quality and quantity check were done by Thermo
Scientiﬁc NanoDrop and 1% agarose gel electrophoresis, respectively. Approximately 300 ng per sample was sent to the Beijing

Institute of Genomics. The V4 region of the 16S ribosomal RNA
gene was ampliﬁed and sequenced using 515F and 806R primers
with an Illumina HiSeq 2500 sequencer as described by Illumina
HiSeq System guidelines (Illumina 2020). Raw sequence data were
processed using the DADA2 microbiome pipeline (Callahan et al.
2016). Because the complete dataset was composed of multiple
sequencing runs, DADA2 was run separately on each one. For each
sequencing run, raw reads were inspected (Supplementary Fig. S7)
and cleaned with the ‘ﬁlterAndTrim’ function from DADA2 with
maxEE = 2. Reads matching the phiX genome were also removed.
The error rates were learned by randomly taking 1e8 bases from
all the samples (i.e., pools). These error proﬁles were used to infer
ASVs by the dada function with default settings on the dereplicated sequences. The sequence tables from each run were merged
together into one with the ‘mergeSequenceTables’ function. Chimeras were then removed with the ‘removeBimeraDenovo’ function from DADA2, using the “consensus” method. Finally,
taxonomy was assigned with the ‘assignTaxonomy’ function using
the Green Genes database. In this way, we generated a table where
each ASV is assigned to a unique number coupled to its taxonomical information at the genus level. For example, ‘6_Pseudomonas’
means the ASV number 6 in the whole dataset belonging to the
genus Pseudomonas. When an ASV is not assigned to any genus,
it will have the mention ‘unclassiﬁed’ in addition to its known taxonomy at a higher rank than the genus level; for example:
‘1_unclassiﬁed Pseudomonadaceae’.
Microbiome analyses.
All analyses were performed in the R environment (v.3.6.3).
First, ASVs assigned to mitochondria and chloroplasts were
removed. Then, ASVs with sequence lengths smaller than 253 or
bigger than 254 bp were excluded. After this, data relating to our
study were selected and named as “raw ASVs”. The raw ASVs
table was then ﬁltered, and ASVs (which have more than 25 reads
in at least ﬁve samples) were kept (46.2% of the total reads
number) and named as “measurable ASVs”; this corresponded to
42.6 M reads. The custom R commands were used in these analyses, mainly retrieved from the R packages tidyr (v.1.1.1),
reshape2 (v.1.4.4), ggplot2 (v.3.3.2), and agricolae (v.1.3-5).
For the a- and b-diversity analyses, a subset of the measurable
ASVs table was generated, containing samples according to the
research question. The a-diversity was estimated by the evenness
and richness. The richness was calculated using the ‘Observed’
function in the phyloseq package (v.1.36.0) (McMurdie and Holmes
2013) after rarefying the subset ASV table by the lowest read counts
of samples (at least 36,000 reads), while the Shannon index was calculated by the ‘Shannon’ function. We calculated the evenness of
the same sample by its Shannon index and richness, following the
equation: evenness = Shannon index/log(richness). The data were
assessed to meet the basic assumptions on the distribution of populations using the ‘leveneTest’ function for homogeneity and
‘shapiro.test’ for normality, then tested by ANOVA with Tukey’s
HSD test for signiﬁcant differences. Then, using the Bray-Curtis
dissimilarity method measured on the same rareﬁed ASV table,
PCoA was executed. This was largely done with the vegan package
(v.2.5.6). CPCoA was performed using the function ‘capscale’.
PERMANOVA and multiple pairwise PERMANOVA were performed using the functions ‘adonis’ and ‘pairwise.adonis’ respectively. To reduce the false discovery rate, we used the BenjaminiHochberg method to adjust the P values of pairwise comparisons.
For the indicator species analysis, differential abundance analysis, and the bipartite network, we used a custom implementation
of the scripts from Hartman et al. (2018) and Schneijderberg et al.
(2020). For the differential abundance test, we used a standard
pipeline as implemented in the metagenomeSeq package (v.1.28.2)
(Paulson et al. 2013). We ﬁrst used the default settings to create a
normalized ASV table from the “raw ASVs”. Then we used the
Vol. 35, No. 7, 2022 / 601

‘ﬁtzig’ function and default settings in the metagenomeSeq package (v.1.28.2) to test ASVs differentially abundant between 100
and 0 mM salt, and 200 and 0 mM salt, in RH and EC, respectively. For indicator species analysis, we employed correlationbased analysis to identify individual bacterial ASVs in barley root
communities in which abundances varied between the different salt
levels using the indicspecies package (v.1.7.9) (De Caceres et al.
2010). The analysis was conducted with 999 permutations and considered signiﬁcance at P < 0.05. Finally, we visualized the indicator
ASVs associated with one or more of the salt levels by the bipartite
networks, constructed using the Kamada-Kawai layout as implemented in the igraph package (v.1.2.6) (Csardi and Nepusz 2013).
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