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14 Abstract

IS

15 Interactions between plants and each neighboring microbial species are
16 fundamental building blocks that collectively determine the structure and function
17 of the plant microbiota, but the molecular basis of such interactions is poorly
18 characterized. Here, we monocolonized Arabidopsis leaves with nine
19 plant-associated bacteria from all major phyla of the plant microbiota and profiled
20 co-transcriptomes of plants and bacteria. These strains elicited quantitatively
21 different plant transcriptional responses including typical pattern-triggered
22 immunity responses. Genes of non-pathogenic bacteria involved in general
23 metabolism and energy production were commonly suppressed in planta in
24 contrast to a virulent pathogen. Various nutrient acquisition pathways that are
25 frequently encoded in the genomes of plant-associated bacteria were induced in
26 planta in a strain-specific manner, shedding light on bacterial adaptation to the
27 plant environment and identifying a potential driving force of niche separation.
28 Integrative analyses of plant and bacterial transcriptomes suggested that the
29 transcriptional reprogramming of plants is largely uncoupled from that of bacteria
30 at an early stage of interactions. This study provides insights into how plants
31 discriminate among bacterial strains and sets the foundation for in-depth

32 mechanistic dissection of plant-microbiota interactions.
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33 Introduction

34 In nature, plants can reproducibly assemble bacterial communities with
35 well-defined taxonomic structures (the plant microbiota) (Hacquard et al., 2015),
36 which can be harnessed for plant health and survival (Carrién et al., 2019; Duran
37 et al., 2018; Kwak et al., 2018). How plants discriminate among various bacterial
38 strains and establish strain-specific associations in a community context remains
39 an open question in basic plant microbiota research and is key to facilitate the
40 application of microbiota-based strategies to improve plant health in agricultural
41 settings. Answering this question requires a comprehensive and unified
42 understanding of plant and bacterial responses during their interactions.

43 Plant responses to microorganisms are controlled by the plant innate immune
44 system, which contributes to the assembly and maintenance of healthy bacterial
45 communities (Chen et al., 2020; Lebeis et al., 2015). A crucial part of the plant
46 immune system is the perception of environmental microbes using cell surface
47 receptors that detect conserved microbial epitopes, termed microbe-associated
48 molecular patterns (MAMPs) (Boller and Felix, 2009). Recognition of MAMPs
49 triggers defense responses collectively called pattern-triggered immunity (PTI),
50 which can inhibit pathogen growth (Jones and Dangl, 2006). MAMPs such as the
51 bacterial flagellin peptide flg22 are widely conserved in non-pathogenic bacteria
52 as well as pathogenic bacteria (Hacquard et al.,, 2017), and some
53 non-pathogenic Proteobacteria strains were shown to trigger defense responses
54 in plant leaves likely via PTIl pathways (Vogel et al., 2016). On the other hand,
55 diverse microbiota members can suppress PTI triggered by flg22 in roots
56 (Garrido-Oter et al., 2018; Teixeira et al., 2021; Yu et al., 2019), which can
57 facilitate colonization by the root microbiota (Teixeira et al., 2021; Yu et al., 2019).
58 Thus, PTI activation by divergent MAMPs and subsequent PTI modulation by
59 plant-associated bacteria might steer plant responses in a bacterial

60 strain-specific manner, contributing to microbiota assembly in roots. In leaves,
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61 however, our current understanding of plant responses to individual microbiota
62 members is largely limited to a specific phylum of bacteria, Proteobacteria, and
63 little is known about how plants respond to bacterial strains belonging to other
64 major phyla such as Actinobacteria, Bacteroidetes, and Firmicutes.

65  When colonized densely and heterogeneously by various bacterial species,
66 plants might not be able to tailor their responses to individual bacterial strains.
67 Yet, it might be possible that different plant-associated bacterial species respond
68 differently to the same microenvironments created by plants. If so, analyzing
69 plant responses alone does not wholly explain bacterial responses during
70 interactions with hosts. The explanation requires directly interrogating bacterial
71 responses in planta at the genome-wide scale. In planta bacterial omics
72 approaches, such as transcriptomics, are powerful in understanding bacterial
73 gene functions in the plant microbiome and how plants influence bacterial
74 activities (Levy et al., 2018). To date, however, there is a handful of in planta
75 bacterial transcriptome studies, all focusing on pathogenic Proteobacteria strains
76 (Chapelle et al., 2015; Lovelace et al., 2018; Nobori et al., 2018, 2020; Yu et al.,
77 2013, 2014). It is, therefore, unknown whether plant-associated bacteria have
78 any common or phylum-specific signatures in the usage of their genomes and
79 what kind of functions are important for their non-pathogenic and sometimes
80 beneficial traits in plants. Furthermore, to our knowledge, no study has analyzed
81 plant and bacterial transcriptome responses at the same time, limiting our ability
82 to build hypotheses about the molecular dialogue between plants and microbiota
83 members.

84 Here, in monoassociation conditions, we co-profiled the transcriptomes of the
85 model plant Arabidopsis thaliana and various bacterial strains isolated from
86 healthy (asymptomatic) plants in nature (hereafter commensal strains),
87 representing all major phyla of the plant microbiota residing in leaves.
88 Commensal strains commonly induced PTI responses in plants, but these

89 differed in intensity. We found examples of both common and strain-specific
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90 regulation of commensal gene expression in plants. Bacterial genes enriched in
91 plant-associated strains tended to be induced in planta. These included genes
92 involved in sulfur, nitrogen, and carbon transport and metabolism, which were
93 induced in planta in a strain-specific manner. This suggests that nutrient status
94 differs for different strains in plants, which may affect bacterial fitness and niche
95 separation. We also observed that plants could elicit different transcriptional
96 responses from different bacterial strains without tailoring their own
97 transcriptional reprogramming. This study provides a framework for dissecting
98 plant-microbiota interactions at the strain level using co-transcriptomics and

99 unravels diverse modes of interactions between plants and commensal bacteria.

100 Results

101 Co-transcriptome analysis of plants and plant microbiota

102 members

103 We developed a pipeline to simultaneously investigate the transcriptomes of both
104 plants and bacteria during plant colonization with a single bacterial strain. We
105 monocolonized A. thaliana wild-type Col-0 leaves with individual commensal
106 strains by hand-infiltration and profiled transcriptomes of plants and bacteria at 6
107 hours post-inoculation (hpi) by RNA-seq (Fig. 1A). For in planta bacterial
108 RNA-seq, we used a previously developed method with some modifications (see
109 Methods). Briefly, bacterial cells are isolated from plant leaves before extracting
110 RNA, followed by rRNA depletion and RNA-seq (Nobori et al., 2018). For plant
111 and bacterial RNA-seq, respectively, 18 and nine commensal strains were
112 selected covering all major phyla of the plant microbiota (Fig. 1B and Table 1).
113 Three biological replicates from independent experiments were taken for each
114 condition. We used the same strain IDs as in the original study where these

115 bacterial strains were isolated from wild A. thaliana plants (leaves and roots) or
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116 soil (Bai et al., 2015). A strain ID indicates the original compartment from which
117 the strain was isolated, but many root/soil isolates can also colonize the shoot,
118 indicating extensive niche overlap (Bai et al., 2015).

119 Nine commensal strains were used for co-transcriptome analysis (Fig. 1C).
120 These strains could colonize to various degrees in the leaf endosphere when
121 inoculated on the leaf surface (Fig. S1). For plants, we compared gene
122 expression changes between bacteria-inoculated plants and water-inoculated
123 plants (Fig. 1C, left). For bacteria, we compared expression changes between in
124 planta and in vitro (rich media) conditions (Fig. 1C, right; Fig. S2A). We also
125 included previously generated in plantalin vitro transcriptome data of the virulent
126 pathogen Pseudomonas syringae pv. tomato DC3000 (Pto) and its avirulent
127 mutant D36E (36 type Il effectors are depleted) (Nobori et al., 2018) in the
128 analysis. To directly compare bacterial gene expression patterns among
129 phylogenetically diverse bacterial strains, genes of different strains were grouped
130 based on sequence homology, resulting in 6,823 orthologous groups (OGs) (Fig.
131 S2B). Of these OGs, only 454 OGs were shared among all strains (Data S1),
132 indicating that the commensal strains used in this study possess highly diverse
133 gene sets. Principal component analysis using the shared OGs showed that all
134 commensal strains except for Leaf1, showed relatively similar gene expression
135 patterns both in planta and under in vitro conditions (Fig. 1D). Interestingly, while
136 the gene expression pattern of the avirulent pathogen D36E in planta was similar
137 to those of commensals, the virulent Pfo showed a distinct pattern, i.e., Pto in
138 planta resembled commensals in vitro (Fig. 1D). Thus, the commensal strains
139 used in this study have highly different genomes, but in planta expression of
140 shared genes is similar to each other and highly distinct from that of a virulent

141 pathogen.
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143 Fig. 1: Co-transcriptomics of plants and bacteria (A) Experimental scheme.
144 Individual bacterial strains were syringe-infiltrated into leaves of A. thaliana.
145 Leaves were sampled at 6 h post-inoculation. Total RNA was extracted for plant
146 RNA-seq. For bacterial RNA-seq, bacterial cells were isolated from plant leaves
147 before extracting RNA using a method previously reported (Nobori et al., 2018).
148 (B) Bacterial strains used in this study. Stars indicate the strains used for
149 co-transcriptome analysis. Detailed taxonomic information is shown in Table 1.
150 (C) The number of genes differentially regulated (|log,FC| > 1; FDR < 0.01;
151 two-tailed Student’s t test followed by Storey’s g-value) in plant or bacterial
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152 RNA-seq. Plant: bacteria-inoculated vs. water-inoculated. Bacteria: in planta 6 h
153 vs. in vitro (rich media). Bacterial strains used for co-transcriptomics are shown.
154 (D) Principal component analysis of bacterial gene (orthologous group)
155 expression in planta and in vitro. (E) Gene expression fold changes (in planta vs.
156 in vitro) of bacteria. The data of Pto and D36E are from a previous study (Nobori
157 et al., 2018). Genes not detected or missing in the genome are shown in gray.
158 See Data S2 for gene expression data. (A, B, D, and E) The taxonomic affiliation
159 (phylum/class level) of each strain is indicated with different colors.
D Phylum Class Order Family Genus RNA-seq
Leafl Actinobacteria  Actinobacteria Actinomycetales Microbacteriaceae Microbacterium P,B
Root563  Actinobacteria Actinobacteria Actinomycetales Intrasporangiaceae Janibacter P
Soil763  Actinobacteria Actinobacteria Actinomycetales Micrococcaceae Arthrobacter P,B
Leafl76 Bacteroidetes  Sphingobacteriia Sphingobacteriales Sphingobacteriaceae Pedobacter P,B
Leaf4d04 Bacteroidetes  Flavobacteriia Flavobacteriales Flavobacteriaceae Chryseobacterium P, B
Root935 Bacteroidetes  Flavobacteriia Flavobacteriales Flavobacteriaceae Flavobacterium P,B
Leafl87  Firmicutes Bacilli Bacillales Exiguobacterium Exiguobacterium P, B
Rootl147  Firmicutes Bacilli Bacillales Bacillaceae P
LeaflS5 Proteobacteria  Alphaproteobacteria ~ Rhizobiales Rhizobiaceae Agrobacterium P,B
Leafl77 Proteobacteria Betaproteobacteria Burkholderiales Burkholderiaceae Burkholderia P,B
Leaf53 Proteobacteria ~Gammaproteobacteria Enterobacteriales Enterobacteriaceae Erwinia P
Leaf70 Proteobacteria Gammaproteobacteria Xanthomonadales  Xanthomonadaceae =~ Xanthomonas P
Leafl48 Proteobacteria ~Gammaproteobacteria Xanthomonadales  Xanthomonadaceae  Xanthomonas P
Root604 Proteobacteria ~Gammaproteobacteria Xanthomonadales Xanthomonadaceae P
Leaf48 Proteobacteria Gammaproteobacteria Pseudomonadales  Pseudomonadaceae  Pseudomonas P
Leaf58 Proteobacteria Gammaproteobacteria Pseudomonadales  Pseudomonadaceae  Pseudomonas P
Leafl27 Proteobacteria ~Gammaproteobacteria Pseudomonadales  Pseudomonadaceae  Pseudomonas P
Leafl30 Proteobacteria ~Gammaproteobacteria Pseudomonadales  Moraxellaceae Acinetobacter P,B
Pto Proteobacteria Gammaproteobacteria Pseudomonadales  Pseudomonadaceae  Pseudomonas P,B
D36E Proteobacteria Gammaproteobacteria Pseudomonadales  Pseudomonadaceae ~ Pseudomonas P,B
160 Table 1: List of bacterial strains used in this study RNA-seq data (P, plant; B,
161 bacteria) obtained in this study are indicated.
162 Conserved and strain-specific regulation of commensal
163 functions in planta
164 The high variability in bacterial genomes complicates a genome-wide comparison
165 of bacterial gene expression among phylogenetically diverse strains (Fig. 1E). To
166 overcome this problem, we sought to compare the regulation of bacterial
167 functions rather than of individual genes. For each strain, we performed

Nobori et al. | Co-transcriptomics of plants and microbiota bioRxiv | 8


https://paperpile.com/c/AAQf19/YLwS
https://paperpile.com/c/AAQf19/YLwS
https://doi.org/10.1101/2021.04.25.440543
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.04.25.440543; this version posted April 26, 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
available under aCC-BY-NC-ND 4.0 International license.

168 functional enrichment analysis on genes significantly up- or down-regulated in
169 planta using KEGG ontologies (KOs) assigned to individual OGs (see Method for
170 details). Then, enrichment scores (p values) for individual KOs were summarized
171 for all the strains (Fig. 2A and Fig. S3A). Data from Pto grown in a minimal
172 medium were included to determine the effect of nutrient availability on gene
173 expression changes in a pathogen. A clear pattern distinguishing virulent and
174 avirulent strains was seen in the process “ribosome” (Fig. 2A and 2B). Genes
175 encoding ribosomal subunits were significantly suppressed in planta in all the
176 commensal strains tested and the avirulent pathogen D36E, while these genes
177 were induced in the virulent pathogen Pfo (Fig. 2A and 2B). The population
178 density of Pfo remains unchanged at this time point (Nobori et al., 2018),
179 indicating that the gene expression changes are not the consequence of
180 bacterial growth in planta. This process was also suppressed in Pto grown in a
181 minimal medium compared with a rich medium (Fig. 2A and 2B). Similarly,
182 genes encoding proton ATPases, which are involved in energy production, were
183 induced in Pto in planta, but suppressed or not altered in the commensal strains
184 (Fig. 2A and 2B). Together, these results suggest that commensal strains are
185 metabolically less active in planta compared with a virulent pathogen, which is
186 consistent with the notion that commensal strains do not proliferate in plants to
187 the same extent as virulent pathogens. Since D36E is a mutant of Pto lacking
188 PTIl-suppressing effector molecules, PTI is likely responsible for suppressing
189 bacterial metabolism in planta, at least in this strain. Catalase genes were
190 commonly induced in most commensals and D36E at varying degrees but not in
191 Pto (Fig. 2C), suggesting that commensals are responding to plant ROS burst, a

192 characteristic PTI response.

Nobori et al. | Co-transcriptomics of plants and microbiota bioRxiv | 9


https://paperpile.com/c/AAQf19/YLwS
https://doi.org/10.1101/2021.04.25.440543
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.04.25.440543; this version posted April 26, 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
available under aCC-BY-NC-ND 4.0 International license.

Betaproteobacteria
[l Gammaproteobacteria

B Actinobacteria [JJ] Alphaproteobacteria
Firmicutes

B Bacteriodetes

. Up
10

-logio(p-value)
0

Down NN
10

>100

40-50
30-40
20-30
10-20
1-10

|
)

# of genes in the genome

50-100

m 8 ~{I+ | Pto
£ 3 Th} mm
£ g £ £ —(1r - D36E
222 8%q 3 I+ - Root93s
o @ o
s a2Ef 8 [ } Leaf404
m.lm.m.m_Mmm 2 I | Leafi76
£33 2855285 & I | Leaf87
23252823 m . e fLeaf177
N L A e
0 AT} Leaf130
MM ~—( T 1| soil763
D36E - Leaft
Root935 o © o 9 o
Leaf40d o © ¢ ¥ & °
Leaf176 o
Leaf187 .z;o._
Leaf177 | D36E
| Leafl55 @ - Root935
Leaf130 @ - Leafd04
: o L Leaf176
Soil763 _N I Leaf187
Leaf1 5  Leaf177
_. - Pto m -} Leaf155
MM o - Leaf130
. D36E I Soil763
| Leaf1
Root935
Leaf404
Leaf176
Leaf187 ”u_ﬁ
Leaf177 P | p36E
Leaf155 D  Root935
Leaf130 © - Leafd04
il7 a - Leaf176
mMmjmw m -} Leaf187
[ 3] [ Leaf177
BN S Em MM 2 L Leaf155
— e, 2
W Llealdo4 T - Soil763
mu mm  Leafl76 , - | Leart
- . mm  Leaf187 _
e e Leafi77 o o o
[ wmmnwm s & 9
B Lea
mm  Soizés D (2Bo)) sebueyo )
= [eafl

p|o} uoissaldxa auar)

Pto o o HR Pto
MM 3 # MM
D36E £ i D36E
® L Root935 S, | . Root935
x  Leatdod & | | Leafd0a
B L Leaf176 © { L Leaf176
m L Leaf187 2 L Leaf187
£ L Leaf177 £ <o} Leaft77
o L Leaf155 S | L Leaf155
L Leaf130 & —{ ] }—F Leaf130
L S0il763 % | L Soil763
| Leaft | | Leaft
w o 1w o n Qv o w o
[T
e . L Pto - Pto
© - E MM - M
[} B } D36E } D36E
o | L Root935 | L Root935
>
] JF I Leafd04 | - Leafd04
£ I L Leaf176 % | | Leaf176
2 o AR L Leaf187 < L Leaf187
@ .  Leaf177 T it | Leatt77
5 F -} Leaf155 i I Leaf155
3 L Leaf130 —[}} Leaf130
o P L S0il763 L Soil763
i | Leaft [ Leaf1
o © o o o © © o o
R L Pto ——418% |Pto
. L mm ol F MM
oal) e . l D36E nm*un|- [ D36E
et in L Root935 [ Root935
> - I Leaf404 I Leaf404
= ~B - | Leal176 - Leaf176
B v i L Leafi87 O [ Leaf187
= s L Leaf177 m I Leaf177
- -} Leaf155 - Leaf155
L Leaf130 L Leaf130
L S0il763 L Soil763
[ Leaf1 I Leaf1

(z601) sebueyo
p|o} uoissaidxa auar)

Q9 a9 a9 o
N © 158 ¥ o

W (z60]) sebueyo
plo} uoissaidxa auar)

I Pto
F MM
I} D36E

- I Root935
“ - | Leaf404
I Leaf176
I Leaf187
I Leaf177
I Leaf155
I Leaf130
F S0il763
[ Leaf1

Function unknown

0.0
-5.0

I Pto

F MM

I D36E

[ Root935
I Leaf404
I Leaf176
I Leaf187
I Leaf177
I Leaf155
°I Leaf130
[ Soil763

[ Leaf1

Rl

subunit
¥

T

Preprotein translocase

o4

2.0
0.0
-2.0
-4.0

I Pto

F MM

} D36E

I Root935
[ Leaf404
| + Leaf176
I Leaf187
I Leaf177
- P - I Leaf155
I Leaf130
F Soil763

[ Leaf1

!

e w o u

w o [=] ?._

(e60]) sebueyo
p|o} uoissaidxa auar)

bioRxiv | 10

Nobori et al. | Co-transcriptomics of plants and microbiota


https://doi.org/10.1101/2021.04.25.440543
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.04.25.440543; this version posted April 26, 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
available under aCC-BY-NC-ND 4.0 International license.

193 Fig. 2: Conserved and strain-specific regulation of bacterial functions in
194 plants (A) KEGG ontology (KO) terms enriched in genes that are significantly
195 up- (orange) or down (purple)-regulated in planta compared with in vitro (rich
196 media). The heatmaps indicate -log,, p-value (FDR corrected by
197 Benjamini-Hochberg method). A KO can be both significantly up and
198 down-regulated in the same strain. The left green panel shows the number of
199 genes involved in each KO term. The top color bars indicate the taxonomic
200 affiliation (phylum/class level) of each strain. See Fig. S2 for a more
201 comprehensive list of KOs. (B-G) Expression fold changes (in planta vs. in vitro)
202 of genes involved in (B) general metabolism, (C) catalase metabolic pathway, (D)
203 motility, (E) secretion systems, (F) siderophore biosynthesis, and (G) unknown
204 functions. T3SS, type Il secretion system. T4SS, type IV secretion system.
205 T6SS, type VI secretion system. MM, Pfo grown in a minimal medium. Results
206 are shown as box plots with boxes displaying the 25th—75th percentiles, the
207 centerline indicating the median, whiskers extending to the minimum, and
208 maximum values no further than 1.5 inter-quartile range. All individual data points
209 (genes) are overlaid with colors for DEGs (red: upregulated, blue:
210 downregulated, black: non-DEG).

211 Genes involved in bacterial motility were differentially regulated among
212 bacteria in plants. Many of these genes were suppressed in Pto in planta but
213 induced in D36E (Fig. 2A and 2D). Leaf177, a Burkholderia (Betaproteobacteria)
214 strain, showed a similar pattern to D36E (Fig. 2A and 2D). However, the
215 Rhizobia (Alphaproteobacteria) Leaf155 more closely resembled virulent Pto — a
216 majority of the genes were suppressed in planta, whereas some genes were
217 significantly induced (Fig. 2D). Motility-related genes can be classed into two
218 major functional categories, flagellar assembly, and chemotaxis. Genes encoding
219 flagellar assembly proteins were globally suppressed in planta in Leaf155 as in
220 Pto, and many Leaf177 chemotaxis-related genes were induced in planta in
221 contrast to Pto (Fig. 2D). Thus, physiological processes are differentially
222 regulated among different plant-associated commensal bacteria strains, with
223 some species even exhibiting similarity to a virulent pathogen.

224 The type lll secretion system, an essential component of the virulence of
225 bacterial pathogens, including Pto (Torufo et al., 2016), was strongly induced in

226 Pto and D36E, but these genes were absent in the commensals (Fig. 2E). The
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227 type IV secretion system is involved in multiple processes such as translocating
228 proteins and DNA into other cells and bacterial motility (Costa et al., 2015). This
229 process was globally suppressed in Leaf130 and Leaf177, but not in Leaf155
230 (Fig. 2E). The type VI secretion system is an injection machine involved in
231 bacteria-host and bacteria-bacteria interactions (Russell et al., 2014). This
232 machinery was globally induced in Leaf155 and Leaf404 and partially induced in
233 Leaf177 and Pto (Fig. 2E). Lastly, preprotein translocase subunits, which are
234 involved in the bacterial general secretory pathway (Osborne et al., 2005),
235 tended to be suppressed in all commensals and D36E, but not in Pfo (Fig. 2E).

236 It has been shown that genes encoding iron-chelating siderophores are
237 strongly induced in Pto upon plant infection, and the induction of these genes is
238 blocked by plant immunity to suppress bacterial growth (Nobori et al., 2018) (Fig.
239 2F). Commensal strains either harbor only a few or completely lack genes
240 encoding siderophores, and most of these genes were not induced in planta (Fig.
241 2F). We speculate that siderophores are not actively used by commensals in
242 leaves and/or that plant immunity suppresses the production of siderophores to
243 control commensal growth. Notably, many genes annotated as “Function
244 unknown” were significantly induced in planta in various commensals (Fig. 2G).
245 These functionally unannotated genes induced in planta may have unique roles

246 in plant-bacterial interactions.

247 Phylum and strain-specific gene expression

248 To compare expression of individual genes between different strains, we
249 conducted comparative transcriptome analysis focusing on specific phyla (Fig.
250 S4A and S4C). This approach allows more comprehensive comparative
251 transcriptome analysis as more genes are shared among closely related strains.
252 We focused on Bacteroidetes and Proteobacteria, in which 1,422 and 1,122 OGs

253 were shared, respectively (far more than the 454 OGs shared among the nine
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254 commensals) (Fig. S2B, S4A, and S4C). Overall, many genes were differentially
255 regulated in a single strain (Fig. S2B, S4A, and S4C). In both of these phyla, a
256 larger number of genes were commonly suppressed among the three strains in
257 plants than commonly induced (Fig. S4B, S4D, and S5). Clusters of genes
258 commonly suppressed in planta (clusters 7 & 8 in Bacteroidetes and clusters 1 &
259 4 in Proteobacteria) were enriched with “ribosome”related genes (Fig. S4E).
260 “Transporters” were enriched in multiple clusters with various expression patterns
261 (Fig. S4F and SG6A), suggesting that transporters can be separated into
262 sub-groups based on regulation in plants. Also, genes annotated as part of a
263 “two-component system” showed strain-specific expression patterns (Fig. S4G
264 and S6B). Taken together, our intraphylum analysis reveals that even relatively
265 closely related commensal strains respond differently in planta at the

266 transcriptional level.

267 In planta bacterial transcriptomics illuminates bacterial

268 adaptation to the leaf environment

269 Various bacterial functions were differentially regulated in plants in a
270 strain-specific manner. Is such functional regulation relevant for bacterial fithess
271 in plants? Comparative genomics is one way to infer bacterial functions
272 associated with adaptation to the plant environment. A previous study compared
273 the genomes of nearly 4,000 plant-associated and non-plant-associated bacterial
274 strains and defined “plant-associated (PA) genes” that are significantly enriched
275 in plant-associated strains (Levy et al., 2017). We analyzed how PA genes are
276 regulated in plants in our transcriptome data. When analyzing the genes shared
277 among nine commensal strains, we observed that genes induced in planta
278 tended to be enriched with PA genes, whereas genes suppressed in planta
279 tended to be enriched with nonPA genes (Fig. 3A). Remarkably, PA and nonPA

280 genes were significantly enriched with plant-induced and plant-suppressed
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281 genes, respectively, for all the commensals, except for the Firmicutes strain
282 Leaf187 (Fig. 3B). Therefore, our data suggest that bacterial genes associated

283 with adaptation to the plant environment were indeed activated in planta.
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284 Fig. 3: Genes enriched in plant-associated bacteria are induced in planta
285 (A) (Right panel) Bacterial gene expression fold changes (FC) in plants
286 compared with in vitro (rich media). (Middle panel) Genes differentially expressed
287 in planta compared with in vitro (|log,FC| > 1; FDR < 0.01; two-tailed Student’s t
288 test followed by Storey’s g-value). (Left panel) Genes previously shown to be
289 “plant-associated” (Levy et al., 2017) are shown as black. The bar and dots
290 indicate the taxonomic affiliation (phylum/class level) of each strain. (B) Boxplots
291 showing expression changes of plant-associated (PA) and non-plant-associated
292 (nonPA) genes between in planta and in vitro. Each dot represents a gene.
293 Genes significantly up- or downregulated in planta are colored in red and blue,
294 respectively. Asterisks indicate statistically significant enrichment (FDR < 0.05;
295 Hypergeometric test corrected by Benjamini-Hochberg method) of up or
296 down-regulated genes in the PA or nonPA category. The proportion of genes up-
297 or downregulated are shown. For the full expression data with the orthologous
298 group, KEGG annotation, DEG, and PA information, see Data S3.

299  We then performed KO enrichment analysis for PA genes induced in plants
300 and nonPA genes suppressed in plants. Ribosome-related genes were
301 conserved among all strains (and are thus nonPA genes) and were generally
302 suppressed in plants (Fig. 4A), which may be a strategy by which plants control
303 bacterial growth. Glycan degradation genes were highly plant-associated and
304 induced in Bacteroidetes strains Leaf176 and Root935 (Fig. 4A and 4B). Among
305 such genes were homologs of beta-galactosidase, alpha-L-fucosidase, and
306 glucosylceramidase, which can degrade plant cell wall components. Thus,
307 Leaf176 and Root935 may have evolved the ability to degrade the plant cell wall
308 enabling the establishment of favorable niches during plant colonization.

309  “Sulfur metabolism™related genes were classified as PA genes and were
310 induced in planta in the three Proteobacteria strains (Fig. 4A and 4C). “ABC
311 transporters” was another PA function that was induced in Proteobacteria strains
312 in planta (Fig. 4A and 4C). Genes involved in both categories were sulfur uptake
313 transporters (Fig. 4C). A previous proteomics study showed that the expression
314 of proteins involved in sulfur metabolism and uptake was induced on the leaf

315 surface in two commensal Proteobacteria, Sphingomonas melonis and
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316 Methylobacterium extorquens (Mlller et al., 2016). These results suggest that
317 sulfate acquisition is important for the adaptation of commensal Proteobacteria to
318 the plant environment. On the other hand, sulfur metabolism-related genes were
319 not found to be PA genes and were suppressed in planta in the Bacteroidetes
320 strains Leaf176 and Leaf404 (Fig. 4A and 4C). The number of genes predicted
321 to be involved in sulfur metabolism was lower in Bacteroidetes strains than in
322 Proteobacteria strains (Fig. 4A). This may indicate that Bacteroidetes strains are
323 less reliant on sulfur acquisition during plant colonization.

324 Urea transporters are other ABC transporters that are PA genes and were
325 induced specifically in some Proteobacteria strains in planta (Fig. 4D). Also,
326 genes encoding ureases, which hydrolyze urea in the bacterial cytoplasm, were
327 induced in some Proteobacteria strains (Fig. 4D). It has been shown that
328 Yersinia enterocolitica, a Gammaproteobacteria strain, can use urea as a
329 nitrogen source (Young et al., 1996). These results suggest that Proteobacteria
330 (especially Leaf177 and D36E) might require urea as a nitrogen source in the
331 plant apoplast. Also, genes involved in the nitrate transport system were induced
332 in Leaf130, Leaf155, and D36E in planta, but not in Pto (Fig. S7), suggesting that
333 some commensal Proteobacteria strains activate nitrogen acquisition systems in
334 plants. Similarly, ribose transporters and glycerol transporters are PA genes and
335 were commonly induced in planta in commensal or avirulent Proteobacteria
336 strains (Leaf155, Leaf177, and D36E) but not in the virulent Pto (Fig. 4F).
337 Moreover, arabinose and xylose transporters (both monosaccharide transporters)
338 were induced in Leaf177 and D36E in planta, but not in Pto (Fig. S7). Thus,
339 these Proteobacteria strains may use various types of sugars as carbon sources
340 in plants. The induction of urea and sugar acquisition systems may indicate that
341 commensal bacteria activate nutrient starvation responses in the leaf apoplast.
342 We speculate that plants may sequester nitrogen and carbon sources from the
343 apoplast to limit the growth of commensal and avirulent pathogenic bacteria. In

344 line with this hypothesis, the high-affinity plant urea transporter AtDUR3 was

Nobori et al. | Co-transcriptomics of plants and microbiota bioRxiv | 16


https://paperpile.com/c/AAQf19/qNI4
https://paperpile.com/c/AAQf19/r0cd
https://doi.org/10.1101/2021.04.25.440543
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.04.25.440543; this version posted April 26, 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
available under aCC-BY-NC-ND 4.0 International license.

345 induced upon inoculation with many commensal strains while suppressed by the
346 virulent Pto (Fig. 4E). A previous study showed that plants sequester
347 extracellular sugars by activating the sugar influx transporter AtSTP13 via the
348 PTI pathway (Yamada et al., 2016). Indeed, our plant transcriptome data 