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10 Abstract

11 Deep-rooted plants can obtain water and nutrieota the subsurface, making them more
12 resilient to climatic changes such as droughtduditaon, the deeper root network also allow
13 the plants to recruit bacteria from a larger resiein the soil. These bacteria might

14  contribute to nutrient acquisition and provide othlant beneficial traits to the plant.

15 However, the deep rhizosphere communities’ compositand their assembly dynamics are
16 unknown. Here, we show, using three perennial ¢i§pmza, lucerne and rosinweed, grown
17 in 4 m RootTowers, that deep rhizosphere bacteoimunities are plant specific, but

18 clearly distinct from the shallow communities. Véaid that the diversity decreased with

19 depth in the rhizosphere, whereas abundance ofRE8 gene copies did not change with
20 depth in lucerne and rosinweed. Furthermore, wetifiled a subgroup (4-8%) of ASVs in

21 the rhizosphere communities that could not beeetd in the corresponding bulk soll

22 communities. The abundances of genes determing®GyR involved in N-cyclingamoA,

23 nifH, nirK, nirSandnosZ differed significantly between plant species, ss8jmg differences
24 in N content in the root exudates of the plant gse®©ur results suggest that colonization of
25 the rhizosphere by bulk soil bacteria is not limditey carbon supply, but rather by dispersal.
26  Furthermore, the abundance of N cycling genes ateithat deep rhizosphere bacteria have

27 the potential to provide N through nitrogen fixatio
28
29 Keywords: Root microbiome, phytobiome, nitrogen cycling¢teaial abundance, fungal

30 abundance, bacterial community, plant-microbe auton,Medicago sativa, Thinopyrum
31 intermediumandSiphium integrifolium
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Introduction

Due to the changing climate, drought spells areeetqal to increase in length and frequency,
thereby threatening agriculture by reducing crady{Spinoni, Naumann and Vogt 2017).
Furthermore, current agricultural practices hadeiced the quality of top soils leading to
lower nutrient availability and decreased microbliziersity in many areas (Lupwayi, Rice
and Clayton 1998). To reduce dependence on thgdibfor nutrient and water supply, deep-
rooted cropping systems have been suggested towatastainable intensification of crop
production (Thorup-Kristensezt al. 2020). These systems are expected to show higher
resilience towards perturbations in climatic coiotis as they can obtain water and nutrients,

as well as recruit microorganisms, from the sulzs@fiMaeght, Rewald and Pierret 2013).

Microorganisms inhabit all parts of the plants dedelop complex and dynamic interactions
with their host. In the rhizosphere, microorganigiay important roles and have the
potential to influence plant health, development productivity through direct and indirect
mechanisms (Berendsen, Pieterse and Bakker 204@)ndst abundant microorganisms in
the rhizosphere are the bacteria, which are inebinglant beneficial functions such as
nutrient acquisition, antagonism against pest atdqgens, as well as activation of plant

host defenses against plant stress (Lugtenbergamiova 2009).

In plants with shallow roots, the rhizosphere comities are specific to individual species or
even cultivars (Berendsen, Pieterse and Bakker;Bdlgarelliet al. 2013). This specificity
might depend on differences in exudate compositiasse, Martinoia and Northen 2018),
although this has been argued to be too simpledMidnet al. 2021). Furthermore, vertical
transmission from the seeds have been suggesbedinvolved in shaping the microbiome of
seedlings, even though the main effect is expeatéloe phyllosphere (Shade, Jacques and
Barret 2017). In any case, the current knowledgeh@osphere bacterial communities of
crops are limited to the top soil, with a few sagifocusing on the bacterial communities
developing in the rhizosphere down to 0.75 m bedowund surface (bgs) (Ukshal. 2014).
This knowledge gap can partly be explained by fffecdlties in accessing the deep roots for

sampling (Maeght, Rewald and Pierret 2013).

In the bulk soil, it has been repeatedly shown liaaterial abundance and diversity decrease
with depth (Fierer, Schimel and Holden 2003; Eiktral. 2012; Baket al. 2019), coinciding
with a decrease in organic carbon and nutrients siprisingly, this leads to an increase in

the relative abundances of autotrophic and lithgdtio bacteria concurrent with a decline in
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taxa able to degrade plant polymers (Be&l. 2019). It remains unclear, whether this change
in the bulk soil communities with depth will similg affect the composition of the bacterial
communities in the deep rhizosphere. Possiblydésp bulk soil communities represent a
reservoir for recruitment of bacterial rhizosphesenmunities, and their lower abundance
and diversity could lead to reduced diversity @& teep rhizosphere communities. Despite
this, the deep rhizosphere communities might depeagily on root exudates for nutrition.
Consequently, bacterial communities of the deejris@iosphere communities might be less
similar between different plant species due tceddhces in exudate composition. Hence,
more knowledge on the bacterial communities indéxep rhizosphere, and where the
communities are recruited from, will be importamit dleveloping cropping systems for deep-
rooted crops. Additionally, these communities migfict ecosystem processes such as

long-term carbon sequestration (Rumpel and Kogelbfer 2011) and soil formation.

In the bulk soil, nitrogen content declines dowrotigh the soil profile (Hirsh and Weil
2019). For non-legume crops, this would lead texgpected increase in the C:N ratio in the
rhizosphere with depth. Furthermore, the need for tie deep soil layer would be expected
to change the drivers for establishment of comnesivith different functional potential for
nitrogen fixation and turn-over in deep rhizosphsseymunities compared to shallow
rhizosphere communities. In a recent study by Regbal. (2020), it was shown that despite
a lower rhizodisposition in the lower soil layeashigher N input into the soil in the deep
lucerne rhizosphere resulted in higher C partitigrinto the microbial biomass production,
and contributed this finding to the N-fixing abjliof the root-nodules. Hence, the microbial

N-cycle in deep soil layers may impact the C-preessn these soil layers.

The overall aim of this study was to charactereeliacterial communities in the rhizosphere
of three perennial crops, lucerndeddicago sativa L. cv. Creno), KernzaThinopyrum
intermedium), and rosinweeddIphium integrifolium), down to 3 m bgs, by asking: 1) do
plants recruit rhizosphere communities from thepdadalk soil layers?; 2) are the deep
rhizosphere communities more similar than the stathizosphere communities across
different plant species?; 3) do the functional pt& in N cycling change with depth, and is

there an impact of plant species on this potential?
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95 To address these research questions, we grewdpes icr the unique RootTower facility,

96 recently developed at University of Copenhagen (Uip&ristenseret al. 2020). These

97 towers are an important innovation that enable s$ampnd further studies of deep-rooted

98 cropping systems and the plant-microbe interactiaking place down to 4 m bgs. All three

99 crops develop deep root systems. Kernza has aisbramt, while rosinweed and the legume
100 lucerne develop taproot systems. We sampled tkesphere and the corresponding bulk soil
101 from three depths before and after two years aftgleowth. We estimated the bacterial and
102 fungal abundances, as well as bacterial genesvied¢oh N cycling by gPCR and

103 characterized the bacterial communities by 16S rRjEAe amplicon sequencing.

104
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105 Materials and Methods

106 Experimental setup

107 The experiments were conducted at the RootTowdityaat University of Copenhagen in 4-
108 m deep RootTowers (4 x 1.2 x 0.6 m) (Fig. 1), veitich tower divided in two chambers (4 x
109 1.2 x 0.3) (Peixotat al. 2020; Thorup-Kristensedt al. 2020). The towers were filled in May
110 2016 with three layers of field soil, Topsoil (0-2&), and two subsoils; Upper Subsoil (25-
111 200 cm) and Lower Subsoil (200-400 cm). The topsas a 50:50 mixture of clayey loam
112 and sandy loam topsoil both from the University@dpenhagen’s experimental farm in
113 Taastrup, Denmark (55°408.5"N, 12°1819.4"E) (Rasmussen, Thorup-Kristensen and
114 Dresbgll 2020). The clayey loam subsoils were ctdle from just below the plough layer at
115 an arable field at Store Havelse, Denmark (5588®"N, 12°0652.8"E). All soils were

116 classified as Luvisols according to the World Refiee Base for Soil Resources (IUSS

117 Working Group WRB 2015). A soil bulk density of Igén > was obtained in the towers,
118 corresponding to bulk density at field conditiomfidrup-Kristensemt al. 2020). Soil

119 characteristics are shown in Table 1.

120

121 The perennial species, lucerideflicago sativa L. cv. Creno), Kernzalhinopyrum

122  intermedium) and rosinweedJIphiumintegrifolium) were used for the experiments. Three-
123 months-old Kernza plants and one-year-old lucetaetp from the field, as well as two-

124 months-old rosinweed plants grown in pots withdfigbil in the greenhouse, were

125 transplanted into individual chambers on 5 July@@®lants were selected to have similar
126 root length when transplanted. Each plant was griownonoculture in three randomized
127 replicates, resulting in nine chambers in totalmimic the normal plant density in the field,
128 chambers with Kernza and lucerne each containdarisgper chamber, all planted with 19
129 cm equal distance between, while rosinweed corda@ngants per root chamber, with 28.5

130 cm between the plants.
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A

Figure 1. A. Root T'oWeré'. B. Access to deep soil layersismRoot Towers.

131
132
133 Sampling
134 The original bulk soil was sampled from the Roow&es before any plants were planted in
135 the summer 2016, and used as reference soil (fo=etich depth). Bulk soil and root-
136 associated samples (i.e. roots with attached nbieoe soil) were collected from the
137 RootTowers during the summer in 2018. Sampling e for three depths (n = 3): 0-20
138 cm bgs (topsoil), 160 - 180 cm bgs (upper subsaniyi 280-300 cm bgs (lower subsoil) for
139 each of the nine RootTowers. Hereafter, we ref¢headepths as 10 cm bgs (0-20 cm), 170
140 cm bgs (160-180 cm) and 290 cm bgs (280 — 300 $ampples were taken with a sterile soil
141 sampling tube (15 cm long, 1.5 cm in diameterpdfarred to sterile Petri dishes, and kept at
142  4°C until further processing in the lab (done withine days). Using sterilized tweezers,
143 roots were recovered, shaken to remove excesarmbgubsequently transferred into sterile
144  Eppendorf tubes. Hence the original samples weideti into bulk soil and rhizosphere.
145
146 Tablel. Texture of the soil in the RootTowers.
Depth (cm | Clay (%) Silt (%) Fine Sand (%) | Coarse Sand (%) | pH Organic
bgs) <0.002 mm 0.002-0.02 mm | 0.02-0.2 mm 0.2-20mm (CaCly) matter (%)
0-25 8.7 8.€ 46 35 6. 2.
25-20C 18 4z 51 27 7.4 0.2
20C-40C | 1€ 8.7 54 21 7E <0.1
147
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DNA extraction, library preparation and sequencing
All samples were freeze-dried overnight and homampgehby grinding. DNA from approx.

0.25 g of freeze-dried and homogenized sample wisaated using DNeasy Powersoil Kit
(Qiagen) following the manufacturer’s protocol. Bome of the deep root samples, less
material was obtained for extraction. This was aoted for by normalizing to sample mass
in the gPCR assay. The DNA concentration and purése determined using a NanoDrop
ND-1000 spectrophotometer (Thermo Fisher Scient@arisbad, Ca, USA) and a Qubit 2.0
fluorometer (Thermo Fisher Scientific, Carlsbad, G8A). Amplicon libraries were
prepared by Macrogen Inc. (Seoul, Rep. of Koreaguthe primer pair 341F (5'-
CCTAYGGGGRBGCASCAG-3’) and 805R (5-GACTACNNGGGTATBAT-3’) (found

in Supplementary Table S1) targeting the variadgans V3-V4 of the 16S rRNA gene.
Resulting libraries were sequenced on an lllumin&dq platform (2 x 300 bp) by Macrogen
Inc. (Seoul, Rep. of Korea). Raw sequences witlgggosited in the NCBI Sequence Read

Archive and are available from the authors upomiest

Sequence processing
Raw reads were treating using DADAZ2 version 1.1tk protocol for DADA2 was

followed using default parameters, with a few migdifions. In brief, reads were quality
checked and primers were removed using trimLetthéfilterAndTrim() function. The

forward and reverse reads were trimmed to 280 40dbP, respectively, while the maxEE
was set to 3 and 6 for forward and reverse readpgectively. Detection of amplicon
sequence variants (ASVs) were done using the psgodlooption. Merged reads in the range
of 395 to 439 bp were kept, as reads outside éimge are considered too long or too short
for the sequenced region. Taxonomy was assigned tis¢ Ribosomal Database Project
(RDP) classifier (Wangt al. 2007) with the Silva database v.138 (Quasi. 2013). ASVs
assigned to Mitochondria or Chloroplast, and A\ tvere not classified at the Phylum

level, were removed.

Diversity estimation and statistical analysis
The 16S rRNA data set was analyzed in R versior2 4R Core Team 2020) using

Phyloseq v. 1.34.0 (McMurdie and Holmes 2013) ,as#v. 2.6.6 (Andersest al. 2018)
and ggVennDiagram v. 0.5.0 (Gao 2021). w@hdversity was estimated using Shannon
diversity at the genus level in Divnet v. 0.3.7 [Wiand Martin 2020) with default
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parameters. To determine whether plant and deptlah&ffect on the bacterial
communities, PERMANOVA using the adonis() functiorvegan v. 2.5.7 (Oksanehal.
2020) on a Bray-Curtis dissimilarity matrix madetbe ASV table. For visualization
nonmetric multidimensional scaling (NMDS) plot weenstructed based on the Bray-Curtis
dissimilarity matrix. Venn diagrams were made baseadll ASVs from all samples
belonging to a specific treatment. Testing foretfi#nces in bacterial and fungal gene
abundances was performed using linear and lineegdveffect models in the basic and nlme
package (Pinheiret al. 2012). Model assumptions were verified, and visuspection of

residual plots did not reveal any obvious deviaiiom homoscedasticity or normality.

Quantitative PCR of 16S rRNA gene and ITS
The copy numbers of the 16S rRNA gene, functioeakg involved in N-cyclingh(fH, nirS

nirK, nosZ and bacteriahmoA) and the Internal Transcribed Spacer 1 (ITS1)oegiere
guantified using quantitative PCR as in Garcia-Lembal. (2020). Primer sequences and
corresponding annealing temperatures can be fouSdpplementary table 1. In brief, PCR
reactions were performed in 20 pl reaction mixtw@staining: 2uL of template DNA, 1 pl
BSA (20 mg/ml) (New England Biolabs Inc., IpswidhA, USA), 10 ul Brilliant 11l Ultra-
Fast SYBR® Green Low ROX gPCR Master Mix (Agilemchnologies, Santa Clara, CA,
USA) and 0.8 pl of each primer (10 uM). The gPCR werformed using an AriaMX Real-
Time PCR System (Agilent Technologies, Santa Clarg,USA). The thermal cycling
conditions were 3 min at 95°C followed by 40 cya#20 s at 95°C and 30 s at 55-63°C
(Supplementary table 1). A final melting curveswacludedaccordimg to the default settings
of the AriaMx gPCR software (Agilent Technologi&snta Clara, CA, USA).

Standard curves for the 16S rRNA gene and the gemelved in N cycling were prepared as
in (Garcia-Lemot al. 2020). For ITS1, the standard curve was consituzased on
fragments amplified fronPenicillium aculeatum using the primer pair ITS1F and ITS2
(Supplementary Table 1). Tenfold dilution seriesemgerformed for each standard curve.
Standard curves spanned a dynamic range fréno10F copiesjiL. The reaction

efficiencies were between 80 and 106% (see Suppl@meTable 1).


https://doi.org/10.1101/2021.06.02.446747
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.06.02.446747; this version posted June 2, 2021. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

213

214
215

216
217
218
219

220
221
222
223
224
225
226
227

228
229
230
231
232
233

234
235
236
237
238
239
240
241
242

available under aCC-BY-ND 4.0 International license.

Results

Bacterial and fungal abundance

To investigate the effects of depth and plant g=eon the rhizosphere microbial
communities of the three deep-rooted plant spekies)za, lucerne and rosinweed, bulk soll
and rhizosphere samples were taken at three dgfth$70 and 290 cm bgs) from the
RootTowers after two years of plant growth. Theaoig matter decreased in the RootTowers

with depth, coinciding with an increase in pH.

The bacterial and fungal abundances were significaigher in the rhizosphere of the three
plant species at all depths compared to the bulKKg. 2) (p < 0.01). In the rhizosphere, the
bacterial abundance changed significantly with khépternza (p =0.02), while there was no
significant change in bacterial abundance with lilémt lucerne or rosinweed. The fungal
abundance decreased significantly with depth foedne (p =0.05) and rosinweed (p <
0.001), whereas no decrease in fungal abundancebsasved for Kernza (p = 0.1). Except
for the bacterial abundance in the bulk soil wiéeenza had been grown, a significant

decrease with depth in the bacterial and fungahdances was observed (Fig. 2).

To evaluate the temporal dynamics of the microtdéahmunity in the root towers, bulk soil
samples taken after two years of plant growth werapared to samples collected before
planting. Over the two-year period, there was renge in microbial abundances verifying
that the RootTowers did not have an effect on rbiglcabundance (Supplementary Fig. S1).
In addition, plant species did not have any impecthe abundances of 16S rRNA gene or

ITS copies in the bulk soil.

In the bulk soil, there was a slight, but signifitancrease in bacterial:fungal ratio down
through the profile, regardless of the plant spethat were planted in the tower (Fig. 2). In
contrast, significant differences in bacterial:fahgatios in the rhizosphere were observed
between the plant species. In Kernza, the bacfengkl ratio did not change with depth in
the rhizosphere and was lower than in the bulk #othe lucerne rhizosphere, the
bacterial:fungal ratio increased with depth (p 63). At 10 cm bgs, the bacterial:fungal ratio
was lower in rhizosphere than bulk soil, but thees no difference at 290 cm bgs. For
rosinweed, the bacterial:fungal ratio increaseth dipth (p < 0.001), but was not

significantly different from the ratio in the budloil at any depth.

10
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Figure 2. Bacterial and fungal abundances (copies (g of saffjthased on qPCR of 16S rRNA and
ITS region 1, respectively associated with thea$jshere and bulk soil across three plant speches. T
ratio between 16S rRNA genes and ITS copy nhumbers determined for each sample.

Diversity and Community structure
To obtain more information on the bacterial comrtignithat colonize the deep roots, we

performed 16S rRNA gene sequencing of the bactesimimunity DNA. The total dataset
consisted of 66 samples with 4,001,795 reads. aimpkes contained between 10,281 and
136,479 reads, with a median of 53,480 reads. akesdt comprised 58,720 ASVs. There

were no archaeal ASVs in the dataset. The rarefactirves show that the samples had been

sequenced at sufficient depth to capture the rehirethe environments, except for the

rhizosphere communities in Rosinweed, where a glateas not reached (Supplementary

Fig. S2).

The Shannon diversity of the rhizosphere bacteoaimunities decreased with depth, with

the largest decrease observed for lucerne andwesth (Supplementary Fig. S3). Despite

this clear trend, significant differences were anihgerved between the 10 and 290 cm bgs.

The Shannon diversity of the bacterial communitthig bulk soil was similar at 10 and 170

cm bgs, whereas a significantly lower diversity waserved at 290 cm bgs independent of

11
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262 plant species. At 170 and 290 cm bgs, the Shanivensity was lower for the rhizosphere

263 compared to the bulk soil for both lucerne andmasied, but not Kernza.

264 NMDS ordination plots based on Bray Curtis dissamiiy showed that the community

265 compositions in the rhizosphere of the three plamte different from those in the bulk soil
266 (Fig 3). In the rhizosphere, we observed a sigaifieffect of depth (PERMANOVA, p <
267 0.001) and plant species (p < 0.001) (Supplemeiitabje S2). The interaction between
268 plant and depth was also significant (p < 0.00ididating a different impact of the plant on
269 the community dependent on the sampling depth.stibsoil rhizosphere communities

270 clustered separately from the top soil communftesll plant species. Additionally, the plot
271 indicated more distinct plant specific communitd70 and 290 cm bgs compared to 10 cm
272 bgs (Supplementary Table S3). However, the disaritylbetween rhizosphere bacterial
273 communities with-in plant species also increasdd depth for the three plant species. A
274 clear separation of the rosinweed rhizosphere camtgnfrom the rhizosphere communities

275 for Kernza and lucerne was observed.

276
Stress value = 0.108
e Depth [cm bgs]
1.0
® 10
o ° e A 170
©
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©
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277

278 Figure 3. NMDS ordinations of rhizosphere communities andksalil communities based on
279 Bray-Curtis dissimilarities

280

12
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281 There were no significant differences in the comityuwrompositions between the bulk soil
282 samples coming from the same depth across the plarespecies, indicating high

283 reproducibility across towers, and the samplingwé bulk soil in each of the towers (Fig. 3
284 and Table S2). A change in community structuréneftiulk communities was observed

285 between the start and the end of the experimempl8mentary Fig. S4).

286 We speculated that the bacterial communities irddegp rhizosphere microbiomes would
287 share more ASVs than the communities in the uggeosphere. This is because of the low
288 bacterial diversity in deep bulk soil layers. Imtrast to this assumption, the proportion of
289 ASVs shared between plants at different depthgedsed with depth from 19.8% at 10 cm
290 bgsto 12.9% at 290 cm bgs (Supplementary Fig.RBjhermore, the proportion of ASVs
291 shared by two plants also decreased with depth.

292

293 Community composition
294  The rhizosphere communities of all plant speciesew®minated by genera from four

295 classes, namely Gammaproteobacteria, AlphaprotémimdBacteroidia and Actinobacteria
296 (Supplementary Fig. S6). While bulk soil commursitedso comprised genera from these four
297 phyla, the diversity was higher and genera belantprthe classes Thermoleophilia,

298 Verrucomicrobiae, Blastocatellia, Bacilli and Acidcrobia were also among the 15 most
299 abundant genera (Supplmentary Fig. S6D). Intergigtisix bacterial generdgeudomonas,
300 Rhizobium, Streptomyces, Pseudarthrobacter, Niastella andFlavobacterium) accounted for
301 more than 2% of the community in each plant spenies least one depth, suggesting that
302 these genera may be main rhizosphere colonizegs4FiGenerally, these genera increased
303 in relative abundance with depth. The relative aamce ofPseudomonas increased with

304 depth for all plant species. However, whereasrnstituted above 20% of the communities in
305 rosinweed and lucerne at 290 cm bgs, it constitietesithan 5% of the Kernza rhizosphere
306 community. In addition t&®seudomonas, the gener&hizobium, Ensifer and

307 Pseudarhtrobacter were major constituents of the microbial commuesitf rosinweed,

308 Ilucerne and Kernza, respectively (Fig. 4). All thesesented genera increased in relative

309 abundance in the deeper rhizosphere.

310 Some genera were primarily associated with spegifint genera and found at relative high

311 proportions, but in low abundance in the other pptmecies (Fig. 4). Deeper roots of
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rosinweed were colonized Ibethylotenera, Ensifer heavily colonized lucerne roots at all

depths, andlechevalieria had a specific association with Kernza.

Kernza Lucerne Rosinweed
Pseudomonas- 0.15 4.98 274 133 849 . 14.08 1545 .
Streptomyces- 278 357 486 56 1194 664 1.14 104 151 E
b= |
=
N
Pseudarthrobacter- 1.95 9.96 8.31 392 382 665 187 042 555 9
o ;
Z Relative Abundance
Rhizobium- 053 217 257 118 252 1.98 357 631 11.09 g B >20%
o ==
& 2 W 1520%
3 i - 1]
2 Niastella- 196 213 1.96 26 447 259 139 487 122 & 10-15%
© 4-10%
Flavobacterium- 05 3.26 4.09 105 087 246 318 142 267
1-4%
0-1%
Ensifer- = 0 0 002 522 769 [1561 0 307 012 _
" )
=
Methylotenera- 005 0.41 0.3 026 115 113 157 6.14 48 @
8
3
Lechevalieria- 2.69 073 4.35 017 027 1.09 001 0 004
10 170 290 10 170 290 10 170 290

Depth [cm bgs]

Figure 4. The six most abundant genera across all plantepestassified as main
rhizosphere colonizer$hree genera that have particularly high relagilvendances in one of
the plant species, classified as plant specifiegerValues are in mean relative abundances
(n=23).

Origin of the rhizosphere ASVs
We asked the question whether rhizosphere ASVsdimellrecruited at the different depths

pointing to colonization from the adjacent bulkldayer (as opposed to vertical transmission
from the top-soil). Bulk soil ASVs were categorizagiunique to a soil depth or as shared
between all soil depths (Supplementary Fig. Saptal of 6,378 bulk soil ASVs were
classified as shared between all soil depths, vthédesoil at 10 cm bgs contained most
unique ASVs (12,809) as compared to 170 cm bg920),and 290 cm bgs (9,878). In the
case of the rhizosphere, the majority of ASVs mrhizosphere communities of all three
plants at the three depths belonged to the shaoegh @f bulk soil ASVs (67-76%) (Fig. 5).
Of the rhizosphere ASVs classified as unique tovargdepth in the bulk soil, the group
belonging to 10 cm bgs constituted the largest@nmogn (11-14%) of the rhizosphere
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communities in the three plants at 10 cm bgs, whig accounted for <2% in at 170 and
290 cm bgs. Rhizosphere ASVs unique to 170 or 220gs in the bulk soil comprised less
than 4% of the rhizosphere communities, suggestidgclining importance of recruitment
from adjacent bulk soil with increasing depth. te&ingly, for all three plants, a subgroup of
ASVs (4-8%) did not belong to any of the bulk s@Etegories. These ASVs belonged to the
generaFlavobacterium, Pseudarthr obacter, Ohtakweangia, Masillia, Cellvibrio, Duganella,
Ensifer andCdllvibrio (Fig. 6).

Kernza Lucerne Rosinweed

60 60 60
40 40
10 cm bgs 40
20 20 20
0 IIL.I-__J- 0 II..L-l____ 0 II..L-L_;_.

60 60 60

40 0 40
170 cm bgs *

20 l 20 20

60
60 60

40 4 40

20 20 20
A oaseme A ——
. 10 cm bgs . 10:290 cm bgs . 170:290 cm bgs . Shared

Grou
P . 10:170 cm bgs . 170 cm bgs ! 290 cm bgs . Unknown origin

290 cm bgs

Figure 5. Tracing the potential origin of the rhizosphere A3kbm the bulk soil. Bulk soll
ASVs where grouped based on presence/absencéeaedifdepths in the rhizosphere.
Shared bulk soil ASVs were shared between all tho#edepths. Values on the y-axis are
relative abundance (%). Unknown origin refers tovA$hat were not found in the bulk soil.
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Kernza Lucerne Rosinweed

Pseudomonas - ...
Cellvibrio - ..
Duganella - . .

0 Buchnera- 0 . 0

Pseudomonas- 0 l01 Pseudarthrobacter- 0.1 0.1 0.2 Altererythrobacter- 0 .I

10 170 290 10 170 290 10 170 290

Flavobacterium - ﬂ Pseudomonas- 0.1

Pseudarthrobacter- 0.1 l. Ensifer-

Ohtaekwangia- 0.1 01 Streptomyces- 0.1

Massilia - 0 Ohtaekwangia- 0

Figure 6. The relative abundance of the five most abundanéera with ASVs that belonged

to the group of unknown origin. Numbers on the isamdicate depth (cm bgs)

N cycling genes
Quantitative PCR was used to quantify the relagivendance of N-cycling genes at the

different depths. The relative abundance ofrifid gene involved in N-fixation did not
change with depth for Kernza and lucerne; howeweth plant species showed a higher
relative abundance in the rhizosphere than in title $oil, pointing to a recruitment offH
bearing organisms to the roots. Rosinweed had plebety different profile, where the
middle depth at 170 cm bgs had an increased relabundance compared to the other
depths. Furthermore, the relative abundancefbf genes was lower in the rhizosphere than

in the bulk soil.

TheamoA gene involved in nitrification showed a generahtt of decreased abundance with
depth, and furthermore a lower relative abundandke rhizosphere compared to the bulk
soil. For genesirS, nirK andnosZ involved in denitrification, there was no diffecenin

relative abundance for Kernza with depth, nor ik@se any difference between the
rhizosphere and the bulk soil for any of the gehaserne had a higher relative abundance of
thenirK and thenosZ genes in the rhizosphere, whereas there was feoatite between bulk
soil and rhizosphere for ther S gene. The relative abundance did not change wvepithd

neither in the rhizosphere nor in the bulk soilcémtrast to the other plant species, the
Rosinweed rhizosphere had a lower relative aburedtiran the bulk soil for all three genes

at all depths.
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Figure 7. gPCR data of N- cycling genes. The values aralatdized per 16S rRNA gene.

Discussion

In this study, we examined the bacterial commusitiethree deep-rooted crops. In addition
to achieve knowledge on the general community &iraat the deep roots, we also analyzed
the origin of the bacterial communities as weltresnitrogen cycling potential in the

rhizosphere.

Abundance and rhizospher e effect

Contrary to what we expected, the abundances e¢fia@and fungi were stable in the
rhizosphere for the three plant species even @udogs. It was recently shown that the
rhizodeposition decreased significantly with defglding us to expect a concurrent decrease
in microbial abundance (Peixogbal. 2020). In contrast, the microbial abundance dseea

in the corresponding bulk soil, concurrent withezi@tase in organic matter in accordance
with the literature (Agnellet al. 2004; Eilerset al. 2012). Hence, the abundance of
microorganisms does not seem to be limited by caspply in the root exudates. Instead,

access to the root or potaitto disperse might be governing factors for ixal

17
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385 populations in the rhizosphere. The general deerigediversity with depth, especially for
386 lucerne and rosinweed, support this, and is inraecwe with the observation of fewer

387 motile strains in the subsoil previously report&digeret al. 2019).

388 The bacterial:fungal ratio (measured as the 16SAB&he/ITS gene ratio) increased

389 significantly down through the soil profile. Thisuld be explained by a general decrease in
390 available carbon for heterotrophic growth in deegmérlayers. For the Kernza rhizosphere,
391 the notion of a low bacterial:fungal ratio downdbgh the soil profile, could hint to a close
392 interaction with a fungal community, and maybe eseggest the presence of fungal

393 endophytes in this plant species. However, thisrveéd more research for confirmation.

394 In accordance with the literature, we found thenp&pecies to shape their rhizosphere

395 bacterial rhizosphere communities in the topsodré®dsen, Pieterse and Bakker 2012). Due
396 to lower diversity and abundance of bacteria insihiesoil compared to the topsoil as found
397 in previous studies (Fierer, Schimel and Holden®2®@lerset al. 2012; Baket al. 2019), we
398 expected that the deep rhizosphere communitiesddmedome more similar with depth. Our
399 results, however, showed an increasing effectarit@pecies on the rhizosphere

400 communities. In addition to a lower diversity irbsoils, the recruitment base (i.e., the bulk
401 soil) is more heterogeneous in subsoils, whichatalgo impact the diversity measure, and
402 explain the higher dissimilarity between replicdtesn the same plant species. Hence, the
403 similarity between the various plants’ rhizosphesenmunities decreased with depth.

404 Furthermore, we found a decrease in the propodiaiared ASVs between the plant

405 species at 170 and 290 cm bgs compared to 10 cnibgse results imply a stronger

406 selection for bacteria that can colonize the riphese in the subsoil compared to topsoil.
407 This is partly backed up by the decreasing alpkardity for rosinweed and lucerne. The
408 reason for the stronger selection can be attribiteddecrease in organic carbon with depth,
409 increasing the carbon gradient between the rhizogpéind the bulk soil.

410 Composition of bacterial communities

411 The rhizosphere communities comprised high aburetaoffPseudomonas, Streptomyces,

412 RhizobiumandPseudarthrobacter across the three plant species, even at 290 cnThgse
413 genera contain species well known for their inteoas with plants, and expression of plant
414  beneficial traits (Tokalat al. 2002; Hayatt al. 2010), and especially pseudomonads are
415 well known as colonizers of new habitats when Gobees available (Lugtenberg, Dekkers

416 and Bloemberg 2001), probably due to their coppitro lifestyle and r-strategy for growth.

18
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Hence, their dominance in the deep rhizosphereatels that many beneficial bacterial traits
could be available for the deep roots. As inferfungctional potential based on taxonomic
profiles is difficult, it would be important to viér this by metagenomic sequencing or

genome sequencing of isolates.

The high relative abundance Rfizobium andEnsifer at 290 cm bgs in rosinweed and
lucerne rhizosphere communities, respectively, @as an increase in abundance of
Rhizobiumin the Kernza rhizosphere with depth, suggestsiitragen fixation occurs
throughout the soil profile, but especially in theep soil rhizosphere, providing important
nitrogen to the plants. Furthermore, it indicatest readily accessible nitrogen for bacteria

and plants is limited in the subsurface compardti¢dopsoil.

With Ensifer being a specific colonizer of root nodules of luneg it was not surprising to

find a high relative abundance of this genus spmadiy associated with this plant species
(Carelliet al. 2000). Rosinweed contained a high relative abucelafiMethyl otenera. This
genus contains methylotrops that are able to useo@ipounds as sole sources of energy and
carbon, especially methylamine (Kalyuzhnayal. 2006).Methylotenera has also been

found in the rhizosphere of rice aBdccaris scandens (Moronta-Barriost al. 2018; Fuentes

et al. 2020) . The presence of this genus indicateshieatoot exudates of rosinweed contain
a larger fraction of C1 compoundschevalieria was found in relative high abundance in the
Kernza rhizosphere. While species from this gerassiieen isolated from rhizosphere in
wheat (Zhaat al. 2017), no consistent reports have linked this geauhizosphere

functions.

Origin of therhizospher e bacteria

Bacteria in the rhizosphere can originate fromttigesoil and be transported along the roots
or by preferential flow paths (Dibbeebal. 2014; Baket al. 2019). Alternatively, they can be
recruited from the soil horizons that the rootsqieate. The high abundanceRseudomonas

in the deep rhizosphere, coinciding with a drogiirersity with depth, can be explained by
dispersal. In a study, on motility in subsurfaci, ggrigeret al. 2019) foundPseudomonas

to be a good disperser in soil samples from 80€l2®gs and preferential flow paths from
300-350 cm bgs. Furthremore, motility has been daionbe an important trait in initial

colonization of sterile roots in a wild type-mutaxperiment (Turnbukt al. 2001).

The majority of the ASVs identified in the rhizogwh communities could be found in the

bulk soil communities. However, a significant portiof approx. 5% of the rhizosphere
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ASVs were not detected in the bulk soil communitigse genera that comprised these ASVs
belong to genera such Bseudomonas, Masillia, Niastella, Ohtakweangia, Ferruginibacter
andFlavobacterium. Except forFerruginibacter, which has previously only been reported
from aquatic habitats, all genera have been fosrehdophytes in roots or seeds in other
crops like durum wheat and maize (Gaal. 2015; Truyenst al. 2015; Agnoluccet al.
2019). Although we cannot rule out lack of sequegadepth as an explanation, the
rarefaction curves obtained for the bulk soil sasaphdicated that we had sequenced deep
enough. Alternatively, the ASVs are pure endophyieghe entire root was sampled along
with the rhizosphere. However, based on previoperts, CFU counts showed 100-fold
more bacteria in the rhizosphere compared to tHesghere per gram of sample (Benizri,
Baudoin and Guckert 2001; Blain, Helgason and Gear2D17), indicating that not all of the

ASVs are endophytes. Hence, we argue that theses A8Y¥inate as seed associated.

N-cycling potential

For the N-cycling genes, it was found that lucdrad the highest number of denitrifiers,
based on quantification afrS, nirK andnosZ genes. This could be explained by the higher
N output from lucerne as compared to the otherdperies (Peixotet al. 2020).

Interestingly, the lucerne rhizosphere seems taitedtenitrifiers not harboring the nirS gene,

as these genes were equally abundant in the riieaspf lucerne and the bulk soil.

ThenifH genes were specifically enriched in the lucerisodphere, which would be
expected due to the development of root nodulésrdstingly, the nifH genes were also
specifically enriched in the Kernza rhizospherdjdating an increased potential for N-
fixation in this habitat. This was in contrast be trosinweed rhizosphere, wheréH genes
were not enriched. The ability of recruiting a Mifig community in the rhizosphere will
potentially change the C:N ratio in the Kernza oBjzhere, and thereby impact the not only

the N-cycling, but also the incorporation of C imbicrobial biomass (Peixot al. 2020).

The current study was performed in field-like Ram#Ers, providing easy access to the
roots, making it possible to sample from the rgstems with minimal disturbance of the
soil, but it is important to keep in mind that dindings may differ from future findings
performed in the fieldWe did see a change in community structure owee in the bulk

soil, however, we did not detect any changes itded or fungal abundances over time.
Albeit, that the RootTowers are an artificial systeéhey pose a promising potential for

studying microbe-plant microbe interactions in depth.
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481 Conclusion

482 The three plant species recruited specific rhizesplsommunities over the entire sampled
483 region. Furthermore, they have a high proportiotawé that were shared between bulk soil
484 communities at all depths. Our results suggestdeap-rooted rhizosphere bacterial

485 communities are colonized by species recruited fteersurrounding bulk soil, as well as
486 transported down with root growth. However, how aripnt these two mechanisms are in
487 community assembly dynamics remains to be testedbsequent experiments using

488 quantitative measures. Furthermore, our resultstipgi towards a substantial proportion of
489 deep rhizosphere communities are seed borne, sheuftvestigated, as this might have
490 implications for the development of microbial intamis. Deep-rooted crops are receiving
491 increased interest in carbon sequestration. Hemokerstanding how communities are shaped
492 can provide practical and applicable knowledgetimosphere engineering of these

493 important crops.

494
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