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Abstract.

We assessed the impact of intercropping on the microbial communities in the rhizosphere of
wheat (Triticum turgidum L. ssp durum) and pea (Pisum sativum L.). Using a RNA based
approach coupled with bacterial phylum specific real time PCR, we found that the active
bacterial communities in the wheat-pea association were distinct from those in the rhizosphere
when crops were cultivated solely. This first explorative study showed that intercropping
induced a synergetic interaction, which modified the structure of active microbial communities
associated with roots by reducing the representation of Alpha-Proteobacteria and Acidobacteria
while promoting Actinobacteria. The latter phylum harbors many species identified as growth
promoting bacteria, calling for further analyses to better understand their function for

intercropped cultures.

Graphical abstract




Wheat-pea intercropping revealed a distinct active bacterial community than those in the
rhizosphere of sole crops, with a decrease in Proteobacteria and Acidobacteria in favor of
Actinobacteria.

Key words: bacterial phyla, heterotrophic microbial communities, RNA, cDNA, quantitative

PCR.

Manuscript.

Cereal-legume intercropping has been demonstrated to noticeably increase plant yield (Song et
al. 2007b, Pelzer et al., 2012). The cereal being more competitive for soil inorganic N, the
legume is forced to increase its symbiotic N, fixation capacity (Hauggaard-Nielsen et al. 2003).
In intermingled roots of intercrops, fixed nitrogen deposited to the soil by the legume
belowground parts can benefit to the neighbouring plant (Fustec et al. 2011). Such plant-to-plant
interactions, in this case possibly qualified as facilitation, can largely be driven by the
rhizospheric microbial communities harboured by plants (Eisenhauer 2012). Free
microorganisms in the rhizosphere are involved in several processes leading to nutrient
mobilization, which are important for plant nutrition. Some of these processes are autotrophic
ammonia oxidation, free N, fixation, phytase and phosphatase activities, phosphorus
solubilization, and use of energy-rich rhizodeposits to mine the recalcitrant soil organic matter
for nutrients also defined as rhizospheric priming effect (Kuzyakov 2002). Most of these
specialized processes are performed by a limited number of microbial taxonomic groups, such
as denitrification carried out by less than 5% of cultured bacterial species in soil (Tiedje, 1994)
or ammonia oxidation, restricted to a monophyletic group of B-proteobacteria (Kowalchuk and
Stephen, 2001). Therefore modification of the microbial community structure can lead to
changes in rhizospheric functioning. Structure and diversity of rhizospheric bacterial
communities are specific to plant species (Kowalchuk et al. 2002) and varies with plant

phenology (Houlden et al. 2008), largely driven by the quantity and quality of rhizodeposition



(Marschner et al. 2004). As a consequence, the structure of rhizosphere microbial communities
can be changed in one or both plant species, which in turn can modulate the intensity of
microbial processes (Song et al. 2007a, 2007b; Yang et al. 2016). The aim of the present study
was to determine whether intercropping could modifies the structure of free and active bacterial
communities of a pea-wheat associations relative to the rhizosphere of sole plantings.
For that purpose, pea plant (Pisum sativum L.) and wheat plants (Triticum turgidum L. ssp
durum) were cultivated solely (one pea plant; two wheat plants per pot) or intercropped (one pea
+ two wheat plants per pot) in 10 kg replicated soil pots in a greenhouse in Angers, France
(47°28°0”” N, 0°47°31°°W), at the end of year 2009. To take into account seasonal patterns of
nitrogen fixation of the pea (Jensen 1987), plants were harvested at three different stages of the
pea development (n = 4): stage 1 (early)- end of vegetative stage of pea; stage 2 (medium)- 40%
of the pea pods have reached their maximal length, and stage 3 (late) - pea pods maturity. At
harvest, root adhering soil (considered as rhizopheric) was sampled by pooling roots of all
plants grown in a same pot, and non-adhering soil was sampled as bulk soil. RNA was extracted
from soil, quantified fluorometricaly, reverse-transcribed and 16S RNA genes were amplified
by quantitative PCR using couples of primers specific to the 4 major bacterial phyla
(Actinobacteria, Acidobacteria, Bacteroidetes and Firmicutes) and to the 3 classes within the
Proteobacteria (a, P, y-Proteobacteria). The relative abundance of each active phylum was
calculated as the percentage of 16S transcripts of individual phyla divided by the sum the 16S
transcripts from all seven phyla. Total carbon (C), nitrogen (N) and mineral N (NOs+ NHy")
were also quantified. Data were analyzed by ANOVA, Tukey’s post-hoc test, and principal
component analyses. Experimental design, techniques used and statistical analyses are fully
described in Appendix 1.

As expected, microbial activity was enhanced in the rhizosphere (Smalla et al., 2006), with a
two-fold yield of RNA compared to the bulk soil due to the release of rhizodeposits as indicated

by higher C and N content (Table 1 a.). Labile carbon shaped bacterial communities by



stimulating well known Proteobacteria r-strategists (Fierer et al., 2007), while Actinobacteria,
Acidobacteria and Firmicutes, adapted to the decomposition of complex compounds, were
relatively more abundant in the b soil (Table 1 a.). But as shown by the total RNA yield and the
relative abundance of the opportunist y-Proteobacteria, rhizosphere effect was highest at early
stage of plant growth and decreased over time (Table 1). This reflects the reduction of root
exudation after flowering stage and/or the increase in root degeneration (Aulakh et al. 2001).
This shift in the quality of rhizodeposits towards possibly higher C/N, (Gransee A &
Wittenmayer 2000), may have favored the persistence of other non-opportunistic bacteria, able
to assimilate more chemically recalcitrant substrates (i.e., cellulose, lignin, or tannin—protein).
These results support “the ecological coherence of high bacterial taxonomic ranks” (Philippot et
al. 2010) and the reactiveness of RNA studies reflecting environmental changes at centimetric
and short times scales.

The bacterial community in the rhizospheres of intercropped plants differed from both
monocultures as demonstrated by the distinct segregation on the PCA of relative abundance of
transcripts of the seven phyla (Fig.1). Further statistical analyses by ANOVA and post-hoc tests
(Tukey’s test; Appendix 1) showed that o-Proteobacteria, Actinobacteria and Acidobacteria
were significantly linked to the culture type. The a-Proteobacteria were more abundant in the
pea rhizosphere when grown solely than in the wheat (Table 1 b.). This subgroup comprises the
Rhizobiales order composed of well-known symbiotic nitrogen-fixing genera. Although many
of its representatives have lost their capacities to infect legumes, they remain abundant in
legume rhizospheres (Denison and Kiers 2004). Interestingly, intercropping with wheat
appeared to slightly decrease their activity as the proportions of their transcripts were below
those observed in the wheat rhizosphere alone. Acidobacterial transcripts accounted for a low
proportion of the assemblages (below 10 %), probably because many members of this phylum
are adapted to low pH (pH w20 Of the used soil = 8; Jones et al. 2009) and negatively correlated to

total C and N, (Fierer et al. 2007; Dean et al. 2015). Legumes are known to acidify their



rhizosphere during N2 fixation (Hinsinger et al. 2003); thus, pea may have lowered the
rhizosphere soil pH and slightly stimulated the activity of Acidobateria at the microscale, which

was  significantly  higher  in pea  than in the wheat  monoculture.

Conversely to Acidobacteria, relative abundance of Actinobacteria was higher in the
rhizosphere of wheat grown solely, than in pea and was even enhanced in intercropped cultures
(Table 1). Previous studies showed that Actinobacteria were particularly abundant in wheat
rhizosphere and roots as endophytic bacteria (Conn and Franco 2004). Many actinobacterial
species are known to be plant pathogen-antagonist due to antibiotic release, production of
bacterial and fungal cell-wall degrading enzymes and the production of multiple siderophores
outcompeting pathogenic microbes for iron (Palaniyandi et al. 2013). The ability of certain
species to degrade complex recalcitrant polycyclic aromatic molecules such as lignin
(Vétrovsky et al. 2014), fix atmospheric N, (Gtari et al. 2012), solubilize phosphorus and help
for plant-mycorrhiza symbiosis confers to some Actinobacteria the valuable qualification as
plant growth promoting microbes.

The present study indicated that under greenhouse conditions, intercropping was not a
simple mix of both plant rhizospheres but induced a synergic interaction which modified active
microbial community structure in the vicinity of roots. In natural alpine tundra, Dean et al.
(2015) observed that plant neighborhood effect on root-associated bacteria was stronger than
abiotic factor like soil N enrichment. As far as we know, the present study is the first report of
such effect in associated cultured crops, identifying three main involved phyla. These results
call for further analyses on the field, questioning how these modifications of rhizospheric
bacterial communities impact nutrient fluxes towards crops, and in fine, contribute to better

yields.
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Appendix 1 — Complements of methods

Experimental design
Pisum sativum L. cv. Frisson and Triticum turgidum L. ssp. durum cv. LA1823 were grown in

ten liter pots. Pots were filled with a sandy clay loam soil (24.8% clay, 43.6% silt, 35% sand, 91
mg P kg™ (Olsen), 394 mg K kg, 193 mg Mg kg™, 72 mg NOs kg, 1.2 mg NH," kg™, average
PHH20 8), passed through a 2-mm sieve and inoculated with Rhizobium leguminosarum bv.
viciae (P221 strain) to guarantee sufficient biological N fixation for adequate plant
development. Seeds were pre-germinated in moist paper. Durum wheat was sown a fortnight
before pea. Pre-germinated seeds were transplanted into pots following the different modalities:
i) 1 pea plant alone (Pea), ii) one pea and two wheats in the same pot (Intercropping), and iii) 2
wheats in the same pot (Wheat). Plants were watered to maintain soil moisture between 15-20%
and no fertilizer was supplied. Control pots without plants were included to the experiment. For
each modality, plants were harvested at three different stages (n = 4): i) end of vegetative stage
of pea (Early, Stage 1), ii) 40% of the pea pods have reached their maximal length (Medium,
Stage 2), and iii) pea pods maturity (Late, Stage 3). In all, the experiment lasted three month
(Sowing : 18" of September; Last harvest : 16" of December).

Sampling methods
At harvest, roots adhering soil of all plants of a same pot was sampled as the composite

rhizosphere soil, and non-adhering soil was sampled as controls. To guarantee RNA
conservation, sub-samples of all soil samples were immediately stored at -80°C for molecular
analyses, while the rest was dried at 70°C for further chemical analyses.

Chemical analyses



Samples of dry fine powder of rhizospheric soils were prepared for N and C elementary analysis
(EA 3000 EuroVector, University of Caen, France; Eksperiandova et al. 2011. Mineral N (NO3
+ NH,") has also been quantified on samples using a continuous flow SKALAR analyzer,
following methods described in Houba et al. (1988).

Quantitative PCR on bacterial phyla
RNA was extracted from rhizospheric soil samples by the combination of the FastDNA SPIN™

kit for soil and the RNaide Kit™ (MP Biomedical, Santa Ana, California) following the
protocol described in (Tournier et al. 2015). RNA was quantified using Quan-iT™ Ribo Green
RNA Assay Kit (Molecular Probes, Calsbard, New Mexico) and stored at -80°C prior to reverse
transcription. Reverse transcription (ARN to ADNc) was performed using 150 ng of extracted
RNA with the Verso cDNA kit and random nonamer (Abgene, Epsom, UK). RNA was
extracted from soil samples stored at -80°C. RNA was quantified using Quan-iT™ Ribo Green
RNA Assay Kit (Molecular Probes, Calsbard, New Mexico). The numbers of 16S rRNA gene
copies belonging to the 4 major bacterial phyla (Actinobacteria, Acidobacteria, Bacteroidetes
and Firmicutes) and to the 3 classes within the Proteobacteria (o, P, y-Proteobacteria) was
quantified in 10 ng of cDNA template by real time quantitative PCR with specific primers
couples (Table 1, Appendix 1). gPCR reactions were carried out in an C1000 CFX96 Real-Time
system thermocycler (BioRad, Hercules, USA). Each 10pul reaction volume contained 5ul of
SYBE Green (ABgene, Epsom, UK), 1 pl of the forward and reverse taxon-specific primers at
10uM (20uM for the degenerated primers, ie, o, y-Proteobacteria), 0.5 pl of T4gp32 (MP
Biomedical, Santa Ana, California) and 0.5 pl of H20 for 2pl of DNA template at 5ng.pl™. PCR
conditions were 15 min at 95°C, followed by 35 cycles of 95°C for 15 seconds (s), 30 s at the
annealing temperature (specific for each primer couple, see Table 1, Appendix 1), and 72°C for
30 s. Each plate included duplicate reactions per DNA sample and triplicate for standard set.
Standard curves were obtained by serial dilution (10%-10%) of linearized plasmids containing

cloned 16S rRNA genes representing each taxa (Table 2, Appendix 1). qPCR efficiency varied



between 83.5% and 93.8% and melting curve analysis was conducted to confirm that the

fluorescence signal originated from specific PCR products.

Table 1 Specific primers couples and PCR conditions.

! Fierer N, Jackson JA, Vilgalys R, Jackson RB. Assessment of soil microbial community
structure by use of taxon-specific quantitative PCR assays. Applied and environmental
microbiology 2005; 71(7): 4117-4120.

2 Miihling M, Woolven-Allen J, Murrell JC, & Joint 1. Improved group-specific PCR primers
for denaturing gradient gel electrophoresis analysis of the genetic diversity of complex
microbial communities. The ISME journal 2008; 2(4): 379-392.

PCR conditions :

Taxon Primers Sequence (5'-3") PCR conditions

Eub338 ACT CCT ACG GGA GGC AGC AG
Alfa685 TCT ACG RAT TTC ACC YC TAC

1 Eub338 ACT CCT ACG GGA GGC AGC AG
B-proteobacteria B

Bet680 TCA CTG CTA CAC GYG

...2 Gamma395F CMA TGC CGC CGC GTG TGT GAA
y-proteobactéria B

Gamme871R ACT CCC CAG GCG GTC DAC TTA

Acidobacteria Acid31 GAT CCT GGC TCAGAATC B

Eub518 ATT ACC GCG GCT GCT GG
. 1 Actino235 CGC GGC CTATCAGCTTGT TG
Actinobacteria A
Eub518 ATT ACC GCG GCT GCT GG
. 1 Cfb319 GTA CTG AGA CAC GGA CCA
Bacteroidetes A
Eub518 ATT ACC GCG GCT GCT GG
Lgc353 GCA GTA GGG AAT CTT CCG

Eub518 ATT ACC GCG GCT GCT GG

a-proteobacteria’ A

Firmicutes®

°C, 15 min, and 35 cycles at 95°C for 15 s, 60° C for 30s, 72° C for 30 s, 80° C for 30 s

A: 95
B: 95°C, 15 min, and 35 cycles at 95°C for 15 s, 55° C for 30s, 72° C for 30 s, 80° C for 30 s



Table 2 Bacterial strains used as references for the standard curves. Each strain was cultivated
as recommended on DSMZ (www.dsmz.de). DNA was extracted as previously detailed in the
manuscript, with a supplemental purification step using Gene Clean Turbo kit (MP Biomedical,
Santa Ana,USA).

Taxon DSM n° Species 16S copy numbers
a-proteobacteria DSM 5172 Agrobacterium tumefaciens 1
B-proteobacteria DSM 2839 Cupriavidus metallidurans 2
y-proteobacteria DSM 1117 Pseudomonas aeruginosa 4
Actinobacteria DSM 12829 Arthrobacter chlorophenolines 5
Acidobacteria DSM 11244 Acidobacterium capsulatum 1
Bacteroidetes DSM 13855 Salinibacter ruber 1
Firmicutes DSM 10 Bacillus subitilis 10

Statistical analyses

Variation of soil characteristics and relative abundance of each phylum were analyzed by
generalized linear models (ANOVA) and Tukey’s post-hoc test (in R, using ‘stat’ package)
independently, first on soil types (AS: Adhering soil, NAS: Non-Adhering soil), and second on
the adhering soil, crossing the phenology stage (Early, E; Medium, M; Late, L) and the culture
type (Pea, P; Wheat, W; Intercropping, |) factor. For further visual insights into shifts in the
bacterial community structure, a principal component analysis (PCA) was performed in R (using
‘stats’ and ‘factoextra’ packages) on the relative abundance of each phylum in rhizospheric soil
samples, and non-adhering soil samples were added as supplemental individuals. The culture
type (wheat, pea, and intercropping) and plant sampling stages (early, medium, late) were
integrated as qualitative supplementary variables. RNA recovery vyields, total carbon (C) and

nitrogen (N), measured in soil, were considered as quantitative supplementary variables.

References
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bacterial community depending on a. soil type (R: Rhizospheric soil, B: Bulk soil) and b. plant phenology
stage (Early, E; Medium, M; Late, L) and culture type (Pea, P; Wheat, W; Intercropping, 1). The
interaction of both stage and culture type was never significant. ns: not significant.

a. Soil type b. Stage Culture type
Total C * ns ns
(g kg soil™) [R:1.67 > B: 1.56]
Total N Y ¥ *ok ns
1 ) ) [E:0.13a; M: 0.12ab ; L:
(g kg soil™) [R:0.12 > B: 0.10] 0.11b]
. Non measured in e
Mineral N TNA .
(mg kg soil-1) [E:71.1a; M: 65.6ab ; L: [P:73.1a; W:61.1b; I
EX8 60.3b] 62.7b]
RNA %k %k %k %k 3k ns
(ug per g of _ _
soil) [R:7.8 >B:4.2] [E: 11.8a ;M: 4.8¢ ;L:6.9b]
a- * * ok k
Proteobacteria ns
. ) [P:22.3a; W:15.3b; I:
[R: 17.1 > B: 12.4] 12.9b]
B-
Proteobactereri ook ns ns
a
[R:25.3 > B: 10.3]
v_
¥ * * t
Proteobacteria ns
) ) [E: 0.706a ; M: 0.801ab ; L:
[R: 1.8 > B:0.85] 1.182b]
Actinobacteria ok ns g xR
[P:32.3a; W:40.4b; I
141, B: 55.2
[R: 41.0 < B: 55.2] 48.3b]
Acidobacteria ok ns *
[R:4.4<B:7.8] [P:5.5a; W:3.4b; I: 5.0ab]
Bacteroidetes ns ns ns

13



Firmicutes ok ns ns
[R:3.5<B:5.6]

t values were normalized by the In function; ¥ values were fitted against a Gaussian model.

P.values * <0.05;**<0.01;***<0.001

Figure 1 Biplot representation of the principal component analysis (PCA) calculated on the relative
abundance (%) of seven bacterial phylogenetic groups variables. Total N, total C and total amount of
RNA were inserted in the analysis as quantitative supplementary variables (dashed arrows). Samples
are represented with grey shades for the culture type (Pea, Wheat and Intercropping) and different
signs sampling stages (early, medium and late). Barycenters are annotated on the graph. Bulk soil
subsamples were added as supplemental individuals (crosses). Variable contributions to the
determination of the principal components are indicated according the colour (calculated in percentage
as: (var.cos2 * 100) / (total cos2 of the component, using R package factoextra’).
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