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Abstract: Survival in desert ecosystems poses significant challenges for plants due to harsh
conditions. Plant microbiomes are thought to promote resilience; however, whether plant
hormones, specifically strigolactones (SLs) and karrikins (KARs), shape plant microbiomes
remains unknown. The recruitment of root-associated microbiomes in Nicotiana attenuata, a
model desert plant, silenced in specific genes associated with SL biosynthesis (CCD7) and
perception (D14), karrikin perception (KAI2), and in the shared receptor (MAX2), required
for both pathways, was studied. SL and KAR signaling, with MAX2 as a co-regulator,
fine-tuned the assembly of root-associated microbiomes, with unique and shared regulatory
functions on bacterial microbiome recruitment, particularly in taproot. Significant variation
among the different plant genotypes in bacterial diversity and composition in taproot and
lateral roots provides a foundation for future research to explore how microbiomes function
in plant resilience in these harsh environments.
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1. Introduction

Plants that grow in deserts are profoundly challenged by harsh environmental con-
ditions, such as intense solar radiation, extreme temperature fluctuations, limited water
availability, and nutrient deficiencies. Several studies have demonstrated the essential
role of root microbiomes in promoting plant growth and enhancing tolerance to different
abiotic and biotic stresses [1-3]. The primary factors affecting the composition of plant
microbial communities in desert environments are extreme conditions, such as drought,
heat, and salinity [1]. Phytohormones are important regulators of growth and mediate
adaptations to environmental stresses. Strigolactone (SL) and karrikin (KAR) signaling
play essential roles in plant development and ecological interactions. However, how hor-
mone signaling influences plant-microbe interactions, particularly in desert environments,
remains unknown.

SLs are terpenoid lactones derived from carotenoids, and their biosynthesis is depen-
dent on the key enzyme carotenoid cleavage dioxygenase 7 (CCD?) [4]. The receptor for SLs
is DWARF14 (D14), an o/ 3 hydrolase [4-6], whereas KARs are a group of butenolide com-
pounds that bind to karrikin-insensitive 2 (KAI2), a paralogue of D14 [5]. The co-receptor
involved in both SL and KAR pathways is more axillary growth 2 (MAX2) [7]. SLs play a
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crucial role in regulating plant architecture by inhibiting shoot branching, influencing yield
and responding to biotic stress [8-10]. In addition, SLs also serve as signaling molecules
in the rhizosphere, facilitating communication between host plants, parasitic plants, and
symbiotic fungi [11,12]. The wild tobacco, Nicotiana attenuata, was used to study the effects
of SL and KAR signaling on desert plant-microbiome interactions. N. attenuata is an ideal
model, as it occurs naturally in the arid landscapes of the Great Basin Desert of Utah in
the United States, and an Agrobacterium-mediated transformation system for this plant has
been established [13].

2. Results
2.1. Distinct Roles of SL and KAR Signaling in Main Root Microbiome Recruitment

To clarify the function of SL and KAR signaling on the composition of the root-
associated microbiome, we planted lines of N. attenuata, transformed with RNAi constructs
targeting the expression of SL biosynthesis (irCCD?), SL perception (irD14), KAR perception
(irKAI2), and the shared co-receptor (irMAX2), along with isogenic empty vector (EV)-
transformed plants in a field plot in this species’ native habitat, the Great Basin Desert of
Utah. Several independently transformed lines harboring single insertions of each construct
were previously characterized [10,14]. The lines were planted during two field seasons
with two field-planting procedures: 2018 (Jiffy pots) and 2020 (direct germination in the
field). When plants are grown in Jiffy pots prior to field planting, they are unable to attain a
natural root architecture consisting of a central tap root that enlarges into a carrot root (CR)
with large lateral roots (LR) (Figure S1A). To allow for natural root development, a new
planting procedure was implemented in 2020. Rather than using Jiffy pots for germination
and transplanting early rosette-stage plants into the field, seeds were directly germinated
in the field, allowing for the natural growth of a taproot system (Figure S1A and Figure 1B).
After three months of growth, we carefully excavated roots and sampled the base of the
taproot (CR) of EV, irCCD7, irD14, irKAI2, and irMAX2 lines. Each line was sampled with
five replicates (Figure 1A). The root-associated bacterial community was then evaluated by
the 165 ribosomal RNA (rRNA) gene sequencing with Illumina NovaSeq (Beijing, China),
which generated 2,979,558 clean reads in total (averaging 119,182 and ranging from 90,170 to
127,997 reads per sample) (Table S1). After filtering and curating by QIIME 2 (v2023.2)
(Quantitative Insights into Microbial Ecology 2), a total of 2,119,706 high-quality reads were
used for further analysis (Table S1). Therefore, the amplicon sequence variants (ASVs) table
was rarefied to 37,850 reads with 1,275 ASVs (Table S2). Rarefaction curves of observed
richness and Shannon (H index) diversity were calculated. The curves of these values
attained saturation in all examined samples (Figure S2), suggesting that the sequencing
depth was sufficient to reflect species richness and to compare diversities.

The datasets from CR samples were then used for analyzing microbiome diversity
and structure across different genotypes. To examine the impact of SL and KAR on the
N. attenuata root microbiome communities, we analyzed the microbiome compositions
(Figure S3) and conducted Chaol richness and Shannon diversity analysis of CR samples
from different genotypes (Figure S4). As a result, although Chaol and Shannon index values
were relatively higher in the irD14 CR samples, there was no significant difference between
root bacterial community of these transgenic plants with suppressed SL and KAR signaling
and EV plants (Figure S4). Constrained principal coordinate analysis (CPCoA) analysis of
Bray—Curtis distances was conducted to present (3-diversity of ASVs in the CR samples
of different transgenic plants. Distinctly separated clusters in the CPCoA plot between
EV samples versus irCCD7 and irD14 samples and EV samples versus irKAI2 samples
(Figure 1B) reflect the critical roles of both SL and KAR signaling in microbiome recruitment.
Moreover, the irMAX2 cluster was clearly separated from the EV and other transgenic
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lines clusters (Figure 1B), revealing that the absence of both SL and KAR signaling leads
to significantly different microbiome diversity compared to impairing only one of the
signaling systems. These findings highlight the diverse functions of SL and KAR signaling
in recruiting diverse microbiomes.
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Figure 1. SL and KAR signaling display distinct roles in main root microbiome recruitment. (A) A
schematic of Nicotiana attenuata, with the sampled CR and LR labeled. (B) CPCoA using Bray—Cutis
distance for bacterial communities of the CR samples of EV, irCCD?7, irD14, irKAI2, and irMAX2
plants, p = 0.016. (C) Venn diagram analysis of enriched and depleted ASVs between CR samples
of EV vs. irD14, EV vs. irKAI2, and EV vs. irMAX2 using a false discovery rate (FDR) < 0.05.
(D-F) Differential abundance analysis was conducted using LefSe (v1.1.2) software across all tax-
onomic levels. All of the listed taxa were either significantly enriched or depleted in the CR of
EV versus irMAX2 (D), irKAI2 (E), or irD14 (F) plants. The effect size was estimated by linear
discriminant analysis (LDA).

To explore the role of receptors in SL and KAR signaling on root microbiome recruit-
ment, Venn analyses were conducted on altered ASVs of irMAX?2, irKAI2, and irD14 trans-
genic plants compared to the EV control. The analysis revealed a significant overlap of
enriched and depleted ASVs in all three genotypes (Figure 1C). As D14 mediates SL recep-
tion, KAI2 acts as the KAR receptor, and MAX2 serves as a co-receptor for both pathways.
The overlap of enriched and depleted ASVs in irMAX2 with either irD14 or irKAI2 samples
was expected. Moreover, there were 41 enriched and 34 depleted ASVs common to both
irD14 and irKAI2, although there are also uniquely altered ASVs in irD14 and irKAI2. This
implies that SL and KAR signaling pathways distinctly regulate microbiome recruitment
but also shared some regulatory mechanisms in recruiting specific microbiome species.
LDA analysis revealed the unique genera recruited by each genotype, which mostly be-
longed to the Actinobacteria phylum. Actinobacteria have a significant impact on soil
health, nutrient cycling, and plant productivity. They help to maintain the balance and
resilience of the ecosystem [15]. irMAX2 shared specific ASVs with irKAI2 (e.g., Nocardia
and Pseudoflavitalea) and irD14 (e.g., Kribella and Allokutzneria), suggesting the mutual func-
tion of irMAX2 in both SL and KAR pathways in regulating root microbiome recruitment
(Figure 1D-F).
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2.2. Distinct Roles of SL and KAR Signaling on Microbiome Network Connections

We next identified indicator species for each genotype and employed bipartite net-
work analyses. The results showed a strong interconnection between indicator ASVs
in different genotype’s CR samples, but also some unique indicators for each genotype.
For example, irMAX2 plants shared indicator species with irCCD?7, irD14, or irKAI2,
such as ASV4334 (Devosia) and ASV3906 (Ellin6055), but also some unique indicators,
including ASV1379 (Nocardia) and ASV2972 (Flavobacterium) (Figure 2A, Table S3). These
results suggest cross talk between SL and KAR signaling and highlight the specific func-
tion of each gene in recruiting species. In EV’s CR, distinct bacteria species, such as
ASV1236 (Polyangium), ASV3302 (Haliangium), ASV3583 (SM2D12), ASV3602 (Mesorhizo-
bium), and ASV4291 (TM7a) (Figure 2A, Table S3), were found, suggesting that SL and KAR
signaling are required for recruiting these bacterial species.
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Figure 2. SL and KAR signaling have different functions on microbiome network connections.
(A) Bipartite network of indicator species in the CR samples of EV, irCCD7, irD14, irKAI2, and
irMAX2 plants. (B) Bacterial co-occurrence networks at the ASV level based on the similarity of
bacterial communities in CR of EV, irCCD?, irD14, irKAI2, and irMAX2 plants. Each point represents
an independent ASV; the size of each node is proportional to the number of connections (i.e., degree)
ASVs colored by taxonomy. A connection represents a strong (Spearman’s | p | > 0.6) and statistically
significant (p-value < 0.001) correlation. Edge colors represent the relationships among the ASVs in
the network, with red indicating positive relationships and green indicating negative relationships.

To investigate potential interactions between microbial taxa across different genotypes,
co-occurrence network analysis was performed. The results showed that the EV bacterial
community comprised 265 nodes (ASVs) and 853 edges with an average degree of 6.302.
Notably, irCCD7 exhibited a reduced number of nodes and edges, whereas irD14, irKAI2,
and irMAX2 exhibited an increased number. The network in irMAX2 consisted of 275 nodes,
1,266 edges, and an average degree of 9.207, with indices that were higher than those in EV
(Figure 2B). These results suggest that the receptor genes play an essential role in regulating
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the microbiome network. Moreover, irMAX2 exhibited a more clustered topology due to the
highly connected ASVs arranged in densely connected groups of nodes (Figure 2B, Table 54).
For example, the structural analysis revealed that in irKAI2, ASVs from Actinobacteria and
Proteobacteria exhibited a higher tendency to co-occur, possibly because of their important
roles in plant-microbe interactions and ecological balance [15,16], while the co-occurrence
of ASVs in irMAX2 was more complex (Figure 2B). These results indicate a central role
of MAX2 in regulating microbial composition via connections through both SL and KAR
signaling pathways.

2.3. SL and KAR Signaling Play Critical Roles in LR Microbiome Recruitment

The root system of N. attenuata is comprised of CR and LR. The CR is responsible
for penetrating deep into the soil to acquire water, while the LR spread laterally from the
plant to meet nutrient needs. As the CR and LR are produced at different times during
plant growth and in different positions in the soil, it is possible that the hormone receptor
genes regulate bacterial communities in each of these root types differently. To evaluate
this, LR samples from EV, irD14, and irKAI2 plants were collected for analysis. As irMAX2
plants developed a leaf-bleaching phenotype in the field in response to exposure to high-
light fluence [14] (Figure S5) and the CCD7 enzyme is involved in the biosynthesis of SLs
and other carotenoid-derived molecules, such as 10’-apo-zeaxanthinal and blumenin [17],
which may introduce other influences on root microbiome recruitment, irMAX2 and irCCD7
plants were excluded from this analysis. After assessing the data quality of the sequenced
LR samples (Figures S6 and S7, Table S5), bacterial community differences between LR
and CR samples from the same plants were compared. In a CPCoA analysis, the LR
datasets separated from the CR datasets along the PCoA1 axis, which accounted for 35.28%
of the correlation in bacterial community composition (Figure S8), indicating significant
differences in bacterial diversity and community composition between the CR and LR
of the same plant. The x-diversity values between all CR and LR samples (EV, irD14,
and irKAI2 lines) was further analyzed. Compared with the CR samples, the LR samples
exhibited significantly higher Chaol richness and Shannon diversity indexes, indicating a
significant increase in the complexity of bacterial composition of LR samples (Figure S9).
This is perhaps not surprising, given that the LR develop first in the late stages of rosette
growth and elongate through dry soil close to the soil surface, a process likely facilitated by
hydraulic lift from the CR complex.

a-diversity metrics, including Chaol richness and Shannon diversity, were then cal-
culated for LR samples of EV, irD14, and irKAI2 lines. No significant differences were
observed between genotypes in terms of both indices (Figure S10). CPCoA analysis was
conducted to examine the 3-diversity of ASVs in different transgenic plants’ LR samples.
The CPCoA plot showed clear cluster separations between EV versus irD14 and irKAI2 sam-
ples (Figure S11). The results suggest critical roles for both SL and KAR signaling in LR
microbiome recruitment. Venn analysis showed that LR samples of irD14 and irKAI2 plants
had fewer enriched ASVs and similar enriched ASVs of LR samples compared to the
CR samples; however, for the depleted ASVs, LR and CR samples had similar numbers
(Figure 1C and Figure S12). LDA analysis revealed different unique ASVs in irD14 and
irKAI2 LR samples compared to CR samples: in irD14 LR samples, only Ellin6067 from
Proteobacteria was identified (Figure S13), which was not found in the CR samples
(Figure 1D). Network analysis indicated that the LR of EV, irD14, and irKAI2 samples
had similar node and edge numbers, and all exhibited similar levels of clustered topology
with highly connected ASVs (Figure 514 and Table S6), which was different from the CR
samples of these genotypes (Figure 2B). Therefore, the SL receptor, D14, and KAR receptor,
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KAI2, appear to play a more significant role in recruiting CR microbiomes than they do in
the LR microbiomes.

3. Discussion

The root structure of plants, especially the CR and LR, play different roles in the
absorption of water, minerals, and nutrients [18,19]. However, current research on the
impact of plant root niche on microbial composition and structure mainly focuses on
rhizosphere, rhizoplane, and endosphere rather than the CR and LR [20]. In this study,
the results highlight the distinct contributions of CR and LR in shaping root-associated
microbiomes in N. attenuata, with LR displaying greater diversity than CR. This could be
attributed to the ability of LR to expand radially in the soil and determine the overall size
of the root system, potentially interacting with a broader range of microorganisms [21].
However, the deep-root structure of the CR is crucial for uptaking deep soil water and
nutrients [22], possibly adapting to specific microbial communities in deeper soil layers.

The involvement of SL and KAR signaling in plant-microbiome-soil interactions is
critical for the recruitment of Arbuscular mycorrhizal fungi and for nodulation in soy-
beans [23,24]. Even though several studies have revealed the impact of SLs in shaping the
rhizosphere bacterial community in rice and soybean [25-27], the role of KAI2 signaling
remains unclear. Meanwhile, the impact of SL and KAR signaling on desert microbiomes
has yet to be explored. This study provides evidence for SL and KAR signaling’s fine-
tuning selection on the rhizosphere and endosphere bacterial microbiomes of N. attenuata,
especially for the recruitment of microbiome in the taproot. It has been reported that
silencing or knockout MAX2 and D14 produces higher SLs due to positive feedback on
SL biosynthesis, while impairing CCD7 reduces SL concentrations [10,28]. Therefore, it is
possible that part of the differences in microbiome recruitment of irMAX2, irD14 plants
compared with irCCD? plants result from the high concentration of SLs, which secrete to
rhizosphere soil and attract particular microbes. The patterns observed in this study with
manipulations of SL and KAR signaling will need to be tested more thoroughly in future
research in more detailed mechanistic analyses with isolated bacterial species in synthetic
root microbiomes to examine their effects on plant growth and stress resistance.

4. Methods
4.1. Plant Growth in Desert

All transgenic lines harbored a single, completely integrated inverted-repeat (ir) trans-
formation construct containing 150-300 bp fragments of the genes targeted for silencing by
RNAi. EV, irCCD?7, irD14, irKAI2, and irMAX2 transgenic lines were characterized and
reported in previous studies [10,14]. Transgenic seeds were imported, germinated, and
planted at the Lytle Ranch Preserve under the U.S. Department of Agricultural Animal and
Plant Health Inspection Service (APHIS) permits 07-341-101m, 18-046-102m, 18-282-102m.

In the 2018 field season (April-June, Snow Plot), seeds were first germinated in Jiffy
pots and watered with borax solution supplemented with soil microbes collected from
a natural N. attenuata population in the Utah desert. After approximately 3—4 weeks of
growth in shade tents, seedlings were planted into the field plot. In the 2020 field season
(April-June, Lytle Plot), after a 1 h soaking in a smoke and GAj solution, seeds were sowed
directly in the field to allow plants to develop a natural root, as described previously [14].
Briefly, a single seed was pipetted into the 3-4 mm depression, and 3-seed sowings were
covered by a transparent plastic dome lid, which increased soil temperatures and protected
young seedlings from wind storms. Germinated seedlings were subsequently thinned to a
single seedling per dome, and domes were removed several days later.
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4.2. Sample Collection

On the 5 June 2020 field season, entire plants of the EV, irCCD?7, irD14, irKAI2, and
irMAX2 genotypes were excavated with as much root tissue as possible, including taproot
(CR) and lateral roots (LR). Soil adhering to the roots was carefully removed with a brush,
and CR and LR were separated with a clean razor and harvested. For each genotype, root
samples from five individual plants were collected. Samples were wrapped in labeled
aluminum foil, immediately frozen on dry ice, and shipped to the laboratory in Germany
in a dry-ice shipper. In the laboratory, samples were stored at —80°C until analysis. For
16S rRNA analysis, root samples were ground thoroughly in a liquid nitrogen pre-cooled
mortar and sent to Novogene (Beijing, China) for analysis.

4.3. DNA Extraction, Library Preparation, and Sequencing

DNA was extracted from root and soil samples; DNA purity and concentration were
monitored by nanodrop and gel electrophoresis. DNA was stored at —80°C until further
analysis. Per sample, approximately 400 ng DNA was subjected to 165 rDNA sequencing
at Novogene (Beijing, China). The specific primers (799F: AACMGGATTAGATACCCKG;
1193R: ACGTCATCCCCACCTTCC) were used to amplify the V5-V7 target region of the
16S rRNA gene. Sequencing libraries were generated using TruSeq® DNA PCR-Free Sample
Preparation Kit (Illumina, San Diego, CA, USA) following the manufacturer’s recommenda-
tions, and index codes were added. The amplicon libraries were sequenced on an Illumina
NovaSeq 6000 platform, generating 250 bp paired-end reads. The paired-end reads were as-
signed to samples based on their unique barcode and truncated by excising the barcode and
primer sequences. The sequenced data were then merged, trimmed, filtered, aligned, and
clustered to ASVs using scripts from the QIIME 2 (v2023.2) software [29]. Representative
sequences were selected using DADA2 [30] and classified with naive Bayesian classifiers
against the SILVA 138.1 database [31].

4.4. Sequence Analysis

All analyses were conducted in the R environment (v4.1.2). The bacterial dataset was
processed as follows: first, ASVs were assigned to mitochondrial and chloroplast genomes.
Sequences assigned to bacteria were removed, as well as the ASVs that did not have 10
reads in at least 3 samples. Alpha diversity was calculated to determine the complexity
of species diversity for individual samples using several indices, including observed
species, Chaol and Shannon. The microbial community variations between samples were
ordinated by principal coordinates analysis (PCoA) using Bray—Cutis distances, and the
effect of different factors, including compartment niches and genotypes on microbial
community dissimilarity, were tested by ADONIS using the vegan package [32]. LDA and a
significance test were used to explore the most discriminating biomarkers using LEfSe [33]
and edgeR [34], respectively. The based indicator species analysis with the R package
indicspecies (v1.7.12) [35] was used to calculate the point-biserial correlation coefficients (r)
of an ASV’s positive association with plant genotype. The analysis was conducted with 10*
permutations and considered significant at p < 0.05. Moreover, the functional abundances
of the indicator species were predicted by PICRUSt2 [36] based on marker gene sequences,
and the enrichment analysis was performed by the R package “ReporterScore” [37]. The
co-occurrence network was calculated by ggClusterNet [38], with a significant correlation
threshold set to I p| > 0.6 and p < 0.001; the network was visualized by Gpehi v0.9.7 [39].
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