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ABSTRACT

Plant-associated microbial communities shift in composition
as a result of environmental perturbations, such as drought. It
has been shown that Actinobacteria are enriched in plant roots
and rhizospheres during drought stress. However, the
correlations between microbiome dynamics and plant response
to drought are poorly understood. Here we apply a combination
of bacterial community composition analysis and plant
metabolite profiling in Sorghum bicolor roots, rhizospheres, and
soil during drought and drought recovery to investigate potential
contributions of host metabolism to shifts in bacterial
composition. Our results provide a detailed view of metabolic
shifts across the plant root during drought and show that the

response to rewatering differs between root and soil;
additionally, we identify drought-responsive metabolites that are
highly correlated with the observed changes in Actinobacteria
abundance. Furthermore, we find that pipecolic acid is a
drought-enriched metabolite in sorghum roots, and that
exogenous application of pipecolic acid inhibits root growth.
Finally, we show that this activity functions independent of the
systemic acquired resistance pathway and has the potential to
impact Actinobacterial taxa within the root microbiome.

Keywords: 16S rRNA, amplicon sequencing, drought,
metabolomics, microbiome, pipecolic acid, roots, sorghum

By taking advantage of advances in high-throughput sequenc-
ing technologies, researchers are beginning to understand the dy-
namic nature of the root microbiome. For instance, it is known
that microbiomes vary between environments (Bulgarelli et al.
2012; Lundberg et al. 2012; Peiffer et al. 2013), between species
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(Fitzpatrick et al. 2018; Naylor et al. 2017; Ofek-Lalzar et al. 2014),
and even between varietals of the same species (Edwards et al. 2015;
Haney et al. 2015; Peiffer et al. 2013; Walitang et al. 2018). Ad-
ditionally, microbiomes shift with developmental age, particularly
as the plant transitions between vegetative and reproductive growth
(Chaparro et al. 2014; Edwards et al. 2018; Xu et al. 2018). It
has been shown that the root microbiome also responds to abiotic
stresses; for example, during drought, the plant root exhibits en-
richment in Gram-positive bacteria, and especially Actinobacteria.
This phenomenon has been corroborated across diverse plant clades
(Fitzpatrick et al. 2018; Naylor et al. 2017; Santos-Medellín et al.
2017; Xu et al. 2018), and it has been hypothesized that these
changes may improve plant fitness under drought (Fitzpatrick et al.
2018). While there is interest in using such knowledge to engineer
crop microbiomes for enhanced plant growth during drought stress,
more research is needed to understand the timeline of these changes
and what role the plant plays in shaping this response.

Interestingly, it has been observed that while Gram-positive bac-
teria become dominant in the root microbiome during drought,
their enrichment may be transitory, with Gram-negative bacteria
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eventually being reestablished after rewatering (Xu et al. 2018).
This resilience in the root microbiome may suggest that plants
directly or indirectly mediate these shifts (Koyama et al. 2018;
Simmons et al. 2020) through transient changes in plant signaling or
metabolism. Under nondrought conditions, plant-derived metabo-
lites have been predicted to drive the community structure of the mi-
crobiome, as changes in exudation patterns between photoperiods
(Baraniya et al. 2018) and across development (Chaparro et al. 2013,
2014; Zhalnina et al. 2018) both track changes in the microbiome. A
recent study of the maize leaf microbiome across 300 maize geno-
types observed associations between specific microbial taxa and
host metabolic functions (Wallace et al. 2018), and other studies
have shown that different combinations of root exudates are suffi-
cient to alter microbiome composition (Badri et al. 2013), likely by
impacting chemotaxis and behavior of soil microbes (Huang et al.
2019; Zhang et al. 2014). Some of these plant-produced metabo-
lites may act as carbon sources for microbes (Cai et al. 2009), while
others may act to repel specific taxa (Bressan et al. 2009; Hu et al.
2018; Huang et al. 2019; Iven et al. 2012; Wang et al. 2013, 2018c).
Despite its potential importance in shaping the microbiome, the role
of root metabolic dynamics during drought and its correlation with
observed shifts in Gram-positive and Gram-negative dominance has
not been explored extensively. Currently there is considerable inter-
est in developing microbiome-based products to improve drought
tolerance in crops; gaining a better understanding of the relation-
ship between root metabolomics during environmental perturbation
and microbiome recruitment and assembly will facilitate the ratio-
nal design of microbiome-based products and predictable outcomes
for their application.

In this study, we utilize a preflowering drought treatment applied
to field-grown sorghum to explore changes in root metabolism and
their correlation with enrichment in Gram-positive bacteria during
drought and the transition back to Gram-negative dominance fol-
lowing rewatering. Toward this goal, we employed 16S rRNA am-
plicon sequencing and metabolomic profiling of roots, rhizosphere,
and soil at the peak of drought and 24 h after rewatering. As an-
ticipated, we observe enrichment in Gram-positive bacteria during
drought (Fitzpatrick et al. 2018; Naylor et al. 2017; Xu et al. 2018)
and demonstrate that the microbiome responds rapidly to rewatering
in a compartment-specific manner. We also discover that drought
alters the metabolite profiles of sorghum roots, rhizospheres, and
soils, and that known drought-associated metabolites such as be-
taine, 4-aminobutanoic acid (GABA), and proline exhibit distinct
enrichment patterns across compartments and time. Notably, the
abundance of a large number of rhizosphere metabolites is rapidly
depleted by rewatering following drought, whereas few metabo-
lites shift abundance in the root during this time frame. In addition
to other better-known drought-associated metabolites, we report
drought-induced enrichment in pipecolic acid (Pip), a lysine catabo-
lite that has been identified as an essential component of systemic
acquired resistance (SAR) (Bernsdorff et al. 2016; Návarová et al.
2012), but with additional suspected roles in abiotic stress response
(Arruda and Barreto 2020). Here, we demonstrate that exogenous
application of Pip has the ability to suppress plant root growth, a
phenomenon often observed during plant physiological response to
drought. Finally, we show that this activity functions independent
of the established SAR pathway and may play a role in modulating
root microbiome dynamics during drought stress.

MATERIALS AND METHODS

Field experimental design and sample collection. Sorghum
cultivar ‘RTx430’ plants were grown in the summer of 2017, in
a field located at the UC-ANR KARE Center located in Parlier,

California (36.6008°N, 119.5109°W), as described previously by
Gao et al. (2020) and Xu et al. (2018). Sorghum seeds were sown
into prewatered fields. Starting in the third week, control treatment
plants were watered 1 h three times per week by drip irrigation
(1.89 liter/h flow rate), and no water was provided to drought treat-
ment plants. After 8 weeks, which coincided with the average onset
of flowering across all plants, root and rhizosphere samples were
harvested from a subset of field samples prior to watering (TP8).
Crop water stress indices, indicating severity of drought stress ex-
perienced by sorghum under this experimental design, were calcu-
lated and published in Xu et al. (2021). Water was then restored
to the drought plots (rewatered), and root and rhizosphere samples
were harvested after 24 h (TP8 + 24 h). All field samples were
collected between 11 a.m. and 12 p.m. using a modified version of
the protocol described in detail in Simmons et al. (2018). Soil sam-
ples were collected using a 15-cm soil core sampler, approximately
20 cm from the base of the plant. To collect rhizosphere compatible
with both microbiome and metabolomic analyses, excavated plants
were briefly shaken to dislodge excess soil, and an ethanol-sterilized
nylon-bristled toothbrush was used to remove closely adhering soil
from the root, which we collected as the rhizosphere fraction, prior
to vortexing the roots twice for 1 min in epiphyte removal buffer
(ice-cold 0.75% KH2PO4, 0.95% K2HPO4, 1% Triton X-100 in
ddH2O; filter sterilized at 0.2 μm with Corning brand filters ). Any
remaining soil adhering to the root was separated with epiphyte re-
moval buffer and discarded. The roots were again rinsed with clean
epiphyte removal buffer and patted dry. All samples were imme-
diately flash-frozen in LN2 in the field and stored at –80°C until
sample processing.

Microbox experimental design. Sorghum cultivar RTx430
seeds were surface-sterilized, and then they imbibed in Petri dishes
containing autoclaved filter paper and Milli-Q water in the dark
at 30°C for 24 h. Four seeds each were sown into 1.3 kg of field
soil from UC-ANR KARE that was prewetted with 130 ml of auto-
claved 1/2× Murashige and Skoog media (pH 5.8) with or without
1 mM pipecolic acid in 12 square Microbox containers (TP5000 +
TPD5000, SacO2, Dienze, Belgium) and maintained in a growth
chamber (28/22°C, 16 h day, ∼250 µmol m−2s−1). Five days later,
half of the seedlings were subjected to a drought treatment by set-
ting Microboxes in laminar flow hoods overnight, with the lids
open (drought) or closed (watered). This process was repeated for
an additional night, after which droughted leaves had visible leaf
curling and the Microboxes had lost ∼1 kg of weight. Droughted
and watered Microboxes were returned to the growth chamber for
7 days, after which plant roots and tightly associated rhizospheres
were harvested and immediately flash-frozen in LN2 and stored at
–80°C until sample processing. Measurements of shoot length and
shoot fresh weight of each plant were taken at the same time as root
sampling.

DNA extraction, amplification, and amplicon sequencing.
DNA extraction was performed using the protocol for collection
of root endosphere, rhizosphere, and soil samples using a Qiagen
DNeasy Powersoil DNA extraction kit with 0.15 g (roots) and
0.25 g (rhizosphere and soil) as starting material in the pro-
vided collection vials, as described in detail in Simmons et al.
(2018). The V3-V4 region of the 16S rRNA gene was PCR am-
plified from 25 ng of genomic DNA using dual-indexed 16S rRNA
Illumina iTags 341F (5′-CCTACGGGNBGCASCAG-3′) and 785R
(5′-GACTACNVGGGTATCTAATCC-3′). Barcoded 16S rRNA
amplicons were quantified using a Qubit dsDNA HS assay kit
on a Qubit 3.0 fluorometer (Invitrogen, Carlsbad, CA), pooled in
equimolar concentrations, purified using Agencourt AMPure XP
magnetic beads (Beckman Coulter, Indianapolis, IN), quantified
using a Qubit dsDNA HS assay kit on a Qubit 3.0 fluorometer
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(Invitrogen), and diluted to 10 nM in 30 μl total volume before be-
ing submitted to the QB3 Vincent J. Coates Genomics Sequencing
Laboratory facility at the University of California, Berkeley for se-
quencing using Illumina Miseq 300 bp pair-end with v3 chemistry.

Amplicon sequence processing and analysis for field exper-
iment. 16S amplicon sequencing reads were demultiplexed in
QIIME2 (Bolyen et al. 2019) and then passed to DADA2 (Callahan
et al. 2016) to generate amplicon sequence variants (ASVs), with
taxonomies assigned using the August 2013 version of GreenGenes
16S rRNA gene database as described previously (Simmons et al.
2020). All subsequent 16S statistical analyses were performed in
R-v3.6.1 (R Core Team 2021). To account for differences in se-
quencing read depth across samples, samples were normalized by
dividing the reads per ASV in a sample by the sum of usable
reads in that sample, resulting in a table of relative abundance
frequencies, which were used for analyses, with the exception of
alpha-diversity calculations, for which all samples were normal-
ized to an even read depth of 29,918 ASVs per sample. Alpha di-
versity was determined with the estimate_richness function in the
R package phyloseq-v1.30.0 (McMurdie and Holmes 2013), and
significance was tested by ANOVA using the aov function in the
R stats package. Beta diversity (PCoA) was performed using the
ordinate function in the R package phyloseq-v1.30.0 (McMurdie
and Holmes 2013). Sample type separation was determined by
pairwise PERMANOVA with 1,000 permutations using the adonis
and calc_pairwise_permanovas functions in the R packages vegan-
v2.5.6 (Dixon 2003) and mctoolsr-v0.1.1.2. Tukey-HSD tests used
the HSD.test function in the R package Agricolae-v1.3.1. The com-
bined metabolite and bacterial ASV heatmaps were generated using
the R package pheatmap-v1.0.12.

Metabolite extraction and LC-MS. In preparation for meta-
bolomics, root tissue was ground with a mortar and pestle contain-
ing LN2. Root water content was estimated by lyophilizing root
tissue and calculating the difference between wet and dry weights.
Root samples were then normalized so that the lightest sample was
0.2 g (wet weight) and each other sample was at least 0.2 g. Rhi-
zosphere and soil water contents were estimated to obtain similar
amounts of material. The overall difference in % water content be-
tween samples was minimal (2.5 to 6.5%). For extraction of polar
metabolites from ground root tissue (0.2 to 0.3 g wet weight), sam-
ples were first lyophilized dry, and then 500 μl of methanol was
added, followed by a brief vortex and sonication in a water bath for
10 min. Samples were centrifuged for 5 min at 5,000 rpm and then
supernatant was transferred to 2-ml tubes and dried in a Speed-
Vac (SPD111V, Thermo Scientific, Waltham, MA), and extracts
were stored at –80°C. For soil and rhizosphere samples (1.25 g
wet weight), polar metabolites were extracted similarly, but sam-
ples were not lyophilized prior to extraction, 2 ml of LC-MS grade
water was added, followed by vortex and water bath sonication for
30 min and centrifugation for 7 min at 7,000 rpm, and then super-
natant was transferred to a 5-ml tube, frozen, and lyophilized dry,
and extracts were stored at –80°C.

In preparation for LC-MS, tissue, soil, and rhizosphere extracts
were resuspended with 300 μl of methanol containing internal
standards (∼15 µM average of 5 to 50 µM of 13C,15N Cell Free
Amino Acid Mixture; 5 µg/ml 4-(3,3-dimethyl-ureido)benzoic acid
(#CDS014672, Sigma); 5 µg/ml 3,6-dihydroxy-4-methylpyridazine
(#668141, Sigma); 9 µg/ml d5-benzoic acid (#217158, Sigma);
1.3 µg/ml 9-anthracene carboxylic acid (#A89405, Sigma);
10 µg/ml 13C-trehalose (#TRE-002, Omicron); 10 µg/ml 13C-
mannitol (#ALD-030, Omicron). Samples were vortexed and son-
icated 10 min, centrifuged 5 min at 5,000 rpm, and supernatant
centrifuge-filtered 2.5 min at 2,500 rpm (0.22 µm hydrophilic
PVDF, Millipore, Ultrafree-CL GV, #UFC40GV0S), and then

150 µl was transferred to LC-MS glass autosampler vials. Root
extracts were resuspended similarly, but with resuspension volume
varied to normalize by root dry weight.

Chromatography was performed using an Agilent 1,290 LC
stack, with MS and MS/MS data collected using a Thermo
QExactive Orbitrap MS (Thermo Scientific, Waltham, MA). Full
MS spectra were collected from m/z 70 to 1,050 at 70,000 resolution
in both positive and negative ion modes, with MS/MS fragmentation
data acquired using stepped 10, 20, and 40 eV collision energies
at 17,500 resolution. Mass spectrometer source settings included
sheath gas flow rate of 55 au (arbitrary units), auxiliary gas flow of
20 au, spray voltage of 3 kV (for both positive and negative ion-
ization modes), and capillary temperature of 400°C. Chromatog-
raphy was performed using a HILIC column (Agilent InfinityLab
Poroshell 120 HILIC-Z, 2.1 × 150 mm, 2.7 µm, #673775-924) at
a flow rate of 0.45 ml/min with a 2-µl injection volume. To de-
tect metabolites, samples were run on the HILIC column at 40ºC
equilibrated with 100% buffer B (95:5 ACN/H2O with 5 mM am-
monium acetate) for 1 min, diluting buffer B down to 89% with
buffer A (100% H2O with 5 mM ammonium acetate and 5 µM
methylenediphosphonic acid) over 10 min, down to 70% B over
4.75 min, then down to 20% B over 0.5 min, followed by isocratic
elution in 80% buffer A for 2.25 min. Samples consisted of three bi-
ological replicates each and three extraction controls, with sample
injection order randomized and an injection blank (2 µl of MeOH)
run between samples.

Metabolite identification and analysis. Metabolite identifica-
tion was based on exact mass and comparison of retention time (RT)
and MS/MS fragmentation spectra to those of standards run using
the same chromatography and MS/MS method. Custom Python
code (Yao et al. 2015) was used to analyze LC-MS data. For each
feature detected (unique m/z coupled with RT), a score (0 to 3)
was assigned representing the level of confidence in the metabolite
identification. Positive identification of a metabolite had detected
m/z ≤ 5 parts per million (ppm) or 0.001 Da from theoretical as
well as RT ≤ 0.5 min compared with a pure standard run using the
same LC-MS method. The highest level of positive identification
(score of 3) for a metabolite also had matching MS/MS fragmenta-
tion spectra compared with either an outside database (METLIN;
Smith et al. 2005) or an internal database generated from standards
run and collected on a QExactive HF Orbitrap MS. Identifications
were invalidated if MS/MS from the sample mismatched that of
the standard. MS/MS mirror plots for metabolites are presented in
Supplementary Materials.

Totals of 112 and 122 polar metabolites were identified in pos-
itive and negative ion modes, respectively (Supplementary Table
S1). If a metabolite was observed in both ion modes, the mode
with higher peak height was selected for the merged metabolite
profile (n = 168) used for all analyses. Values below the limit of
detection were imputed with the lowest observed values in the
dataset rounded down (2,400 or 1,900 for positive or negative
ion modes, respectively; Supplementary Table S2). Principal
components analysis of metabolite profiles was performed using
the prcomp function in the R stats package. Venn diagram construc-
tion utilized Venny-v2.1.0 (Oliveros 2007-2015). We clustered
microbial ASV abundances and metabolite data as has been done
previously to detect correlations between these distinct features
of host–microbiome systems (Korenblum et al. 2020; McHardy
et al. 2013; Roux et al. 2022; Wang et al. 2023). Clustering
was performed using the pheatmap function in R (Kolde 2019)
with scaling based on matrix-wide z-scores. All other metabolite
analyses were performed using MetaboAnalyst-v4.0 (Chong et al.
2018, 2019). Heatmaps were generated using Euclidean distance
and Ward clustering algorithms. We evaluated enriched or depleted
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metabolites with the cutoffs of log2 fold change greater than 2 or
less than −2, and a P value of less than 0.05.

Plant root growth assays. Sterilized seeds of the sorghum cul-
tivar RTx430 were germinated on Petri dishes with autoclaved
Milli-Q water or autoclaved Milli-Q water containing the de-
fined concentration of Pip overnight in the dark at 28°C, before
being transferred to a growth chamber (28/22°C, 16-h day, ppf
∼250 µmol m−2s−1). The Arabidopsis ecotype Columbia (Col-0)
was used in this study. Mutant lines fmo-1 (SALK_026163; Mishina
and Zeier 2006), npr1-1 (CS3726; Cao et al. 1997), rbohd/rbohf
(CS68522; Torres et al. 2002), and azi1-2 (SALK_085727; Jung
et al. 2009) were obtained from the Arabidopsis Biological Re-
source Center (Lamesch et al. 2012). Sterilized seeds were grown
on MS plates containing 1/2× Murashige and Skoog salt mix, 1%
sucrose (pH 5.8), 0.8% agar, and the defined concentration of Pip.
Use of 1 mM pipecolic acid as a maximum value in our experiments
(we included 0.1 mM as well) is consistent with other recent ex-
periments conducted in plants for root assays (Wang et al. 2018a)
and leaf assays (Chen et al. 2018). Plants were first stratified for 3
days at 4°C before being transferred to a growth chamber (21°C,
16-h day, ppf ∼120 µmol m−2s−1). Root lengths were measured us-
ing ImageJ-v1.52a software (Schneider et al. 2012). ANOVA was
performed using the aov function in the R stats package and Tukey-
HSD tests used the HSD.test function in the R package Agricolae-
v1.3.1. The SAR pathway image was created with BioRender.com.

Amplicon sequence processing and analysis for microbox ex-
periment. 16S amplicon sequencing reads were demultiplexed in
QIIME2 (Bolyen et al. 2019) and then passed to DADA2 (Callahan
et al. 2016) to generate ASVs, with taxonomies assigned using the
SILVA 138 rRNA gene database (Quast et al. 2013) as described
by Simmons et al. (2020). All subsequent 16S statistical analyses
were performed in R-v4.0.2 (R Core Team 2021). To account for
differences in sequencing read depth across samples, samples were
normalized by dividing the reads per ASV in a sample by the sum
of usable reads in that sample, resulting in a table of relative abun-
dance frequencies, which were used for analyses. Beta diversity
analyses: PCoA and constrained analysis of principal components
(CAP) were performed using the ordinate function in the R package
phyloseq-v1.34.0 (McMurdie and Holmes 2013). Sample type sep-
aration was determined by pairwise PERMANOVA with 1,000 per-
mutations using the adonis and calc_pairwise_permanovas func-
tions in the R packages vegan-v2.5.6 (Dixon 2003) and mctoolsr-
v0.1.1.2. Differential abundances of ASVs were determined using
the quasi-likelihood F-test framework in edgeR-v-3.32.1 (Robinson
et al. 2010).

Microbial growth assays. Seven isolates representing five
genera, Streptomyces, Acinetobacter, Pseudomonas, Chryseobac-
terium, and Bacillus, were tested for their capacity to metabo-
lize and grow on pipecolic acid as a carbon source. Isolates were
streaked from glycerol stocks onto TSB plates. After two days of
growth at 30°C, one colony of each isolate was inoculated into 3 ml
each of M9: 450 ml of water + 50 ml of 10× M9 salts (70 g of
Na2HPO4·7H2O, 30 g of KH2PO4, 5 g of NaCl, 10 g of NH4Cl) +
1 ml of MgSO4 (1 M) + 50 ml of CaCl2 (1 M), M9 + 1 mM
pipecolic acid, and M9 + 0.4% glucose. Tubes were incubated at
30°C and shaken at 250 rpm for 14 days. Growth was measured by
OD600 with a SmartSpec Plus (Bio-Rad, Hercules, CA) 4, 7, 9, and
14 days postinoculation.

RESULTS

The sorghum root-associated microbiome is influenced by
drought and responds rapidly to rewatering. To explore the tem-
poral dynamics of drought stress and rewatering in the microbiome

and the metabolome of the root environment, a field experiment
was performed in the Central Valley of California. Sorghum
plants were either subjected to a prolonged preflowering drought,
where no water was applied between planting and the onset of
flowering (TP8), or regularly irrigated throughout the experiment
(Fig. 1A). To analyze microbiome community changes across
these treatments, we performed 16S rRNA community profiling of
roots, rhizosphere, and soil using Illumina MiSeq, targeting the V3
to V4 variable regions (Fig. 1B to J). In agreement with a previous
study of the sorghum drought microbiome (Xu et al. 2018), which
was performed at the same location in a previous year, alpha
diversity significantly differed between sample types (Shannon,
F = 82.19, P = 1.36 × 10−13), with lower diversity in the roots, as
compared with rhizosphere and soil, and reduced diversity was ob-
served in droughted roots compared with watered roots (ANOVA,
Tukey-HSD, P < 0.001; Fig. 1C). Beta diversity was assessed
through principal coordinates analysis (PCoA) using Bray–Curtis
dissimilarities. The primary axis distinguished samples foremost
by compartment (roots, rhizosphere, or soil), and the second axis by
watering regime (droughted or well-watered; Fig. 1D), suggesting
that both compartment and drought were driving factors shaping the
microbiome. Pairwise permutational multivariate analysis of vari-
ance (PERMANOVA) was performed for each compartment, each
treatment, and the interaction between compartment and treatment,
and all were significantly different (q < 0.05; Fig. 1D). Similarly to
previous studies of root microbiomes, we observed a significant en-
richment of Gram-positive bacteria during drought, including taxa
belonging to the phylum Actinobacteria in roots and rhizosphere,
and Firmicutes in the rhizosphere (ANOVA, Tukey-HSD, P <

0.05; Fig. 1B, E, and F). Likewise, Gram-negative lineages were
depleted during drought, including Proteobacteria in roots and
rhizosphere, Bacteroidetes in roots, and Gemmatimonadetes in the
rhizosphere (ANOVA, Tukey-HSD, P < 0.05; Fig. 1B and G to I).
These results suggest that the sorghum-root-associated microbiome
was responsive to drought, in corroboration of past studies.

Following drought, the sorghum root microbiome has been shown
to respond to rewatering, with a transition from Gram-positive back
to Gram-negative dominance after a 1-week recovery period (Xu
et al. 2018). To better understand the early dynamics of this re-
sponse to rewatering, we watered the droughted sorghum plots after
sampling at TP8, and 24 h later performed a second sampling of
roots, rhizosphere, and soil. Notably, no significant shifts in relative
abundance of root endosphere phyla were observed (Fig. 1B). In
this time frame, however, a significant depletion in Actinobacteria
and an increase in Gemmatimonadetes occurred in the rhizosphere
(ANOVA, Tukey-HSD, P < 0.05; Fig. 1B, E, and I). Based on beta
diversity, differences between rewatered and drought-stressed rhi-
zosphere microbiomes were easier to visualize than those between
rewatered and drought-stressed roots or soils (Fig. 1D). Collec-
tively, these results demonstrate that the rhizosphere environment
responds with a more rapid return to Gram-negative dominance
than the roots upon rewatering.

Drought alters the metabolite profiles of sorghum roots,
rhizosphere, and soil. Zhalnina et al. (2018) determined root
metabolome differences across plant age to drive microbe com-
munity assembly in the rhizosphere in another Poaceae relative
of sorghum, Avena barbata. To explore which changes in roots
and rhizosphere metabolism during drought correlate with shifts
in bacterial community assemblage in field-grown sorghum, we
performed an untargeted liquid chromatography–mass spectrom-
etry based metabolomic profiling of roots, rhizosphere, and soil,
using the same samples as in bacterial profiling described above.
Using a metabolite atlas as reference (Bowen and Northen 2010),
112 and 122 polar metabolites were predicted in positive and

452 Phytobiomes Journal



negative ion modes, respectively. When combined, these two lists
produced a total of 124 unique metabolites (Supplementary Ma-
terials; Supplementary Tables S1 and S2). Within this list of 124
metabolites, we observed different patterns across both compart-
ments and treatments, with individual metabolites that were either
drought-enriched or drought-depleted (Fig. 2A) in roots and rhi-
zosphere. To better understand the relationships between samples,
a principal component analysis (PCA) was performed; PC1 ac-
counted for 59.5% of the total variation and PC2 accounted for
17.1% of the variation, and overall the plot showed clear separation
of samples by both compartment and watering regime (Fig. 2B).
Next, we aimed to determine metabolites that were significantly en-
riched (Log2 fold change > 2, t test P < 0.05) in each compartment
during drought. In total, 28, 35, and 16 metabolites were signifi-
cantly enriched during drought in roots, rhizosphere, and soil, re-
spectively (Supplementary Table S3). Interestingly, approximately
half of these enrichments (n = 31; 10 in roots, 13 in rhizosphere, and
8 in soil) were specific to a single compartment; indeed, roots and
rhizospheres each showed approximately as many compartment-
specific differences (n = 27; 10 in roots and 17 in rhizosphere) as
similarities (n = 18; Fig. 2C).

In droughted roots, we observed increases in the relative abun-
dance of many metabolites that are known to respond to abiotic
stress, including amino acids, osmoprotectants, antioxidants, hor-
mones, and organic acids (Fig. 2D; Supplementary Table S4), and
several distinct patterns of enrichment across the treatment matrix.

Surprisingly, three classically important drought markers, ABA,
1-aminocyclopropane-1-carboxylic acid (1-ACC, the precursor to
ethylene), and betaine, exhibited three distinct patterns of drought
enrichment across the root and rhizosphere compartments (Fig. 2D).
In contrast, only three metabolites were significantly more abun-
dant in watered conditions, including xylitol and the phenolics 2,3-
dihydroxybenzoic acid and 4-methylcatechol; these compounds are
direct catabolism products of salicylic acid and methylsalicylate,
respectively, which are important components of plant immune sig-
naling (Cámara et al. 2007; Zhang et al. 2013; Fig. 2E; Supplemen-
tary Table S3). Collectively, these observed metabolite enrichment
patterns are consistent with sorghum roots responding metaboli-
cally to drought in a compartment-specific manner.

Response to rewatering within 24 h following a prolonged
drought varies by compartment. As the sorghum root and rhizo-
sphere microbiomes responded to rewatering differently after 24 h,
we next sought to understand whether metabolite profiles would fol-
low a similar compartment-specific trend. Notably, within the first
24-h period, roots were only weakly responsive to rewatering, with
no metabolites strongly enriched or depleted (Log2 fold change >

2, t test P < 0.05; Fig. 3A). However, several metabolites were mod-
estly enriched in the root (Log2 fold change > 1, t test P < 0.05),
including cytosine, sphinganine, N-acetylglutamic acid, which pro-
motes growth of root hairs and swelling of root tips (Philip-
Hollingsworth et al. 1991), and ferulic acid, which is capable of
inhibiting root growth and promotes root branching (Caspersen

Fig. 1. Sorghum-root-associated microbiome responds to drought and rewatering. A, Representative images of a well-watered control sorghum plant
and following 8 weeks of preflowering drought (TP8). B, Phylum-level relative abundances of sorghum root, rhizosphere, and soil microbiomes at
TP8 and 24 h after rewatering (24 h DW) in well-watered (W) or drought (D) plots. C, Alpha diversity (Shannon) of sorghum roots, rhizosphere, and
soil. D, Beta diversity (PCoA) of sorghum root, rhizosphere, and soil microbiomes at TP8 and 24 h after rewatering in well-watered control or drought
plots. E to J, Relative abundances of individual lineages that displayed a significant difference in abundance between watering treatments (ANOVA,
Tukey-HSD, P < 0.05).
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et al. 1999; Supplementary Table S5). Collectively, this rela-
tively weak response in metabolism suggests that root endosphere
metabolite profiles are largely unchanged within the first day fol-
lowing rewatering.

We hypothesized that while rewatering would eventually shift
metabolite compositions across all compartments, the most dra-
matic and immediate changes would be observable in the rhizo-
sphere, where surface-adhered compounds that accumulated during
drought (Fig. 2A) could be flushed away rapidly into the surround-
ing soil. Consistent with this hypothesis, we observed large shifts
in metabolite abundances in the rhizosphere after rewatering, with
rewatering tending to cause a depletion of rhizosphere metabolites
(Fig. 3A). Significantly depleted metabolites (n = 17, Log2 fold
change < −2, t test P < 0.05) included 10 different organic acids,
four sugar alcohols, sn-glycero-3-phosphocholine, carnitine, and
melatonin (Fig. 3B; Supplementary Table S6). In contrast, in soils
only a single metabolite, trehalose, was significantly depleted fol-
lowing rewatering (Fig. 3C; Supplementary Table S6). Overall, the
metabolite composition of the rewatered rhizosphere became more
similar to that of watered rhizospheres, but remained distinguish-
able from all soil profiles (Fig. 3D).

Pipecolic acid suppresses plant root growth. Betaine, an
important osmoprotectant, represents one of the most robust and

widely utilized biomarkers of plant responses to drought (Caddell
et al. 2019; Sakamoto and Murata 2000). We hypothesized that
other metabolites with abundance patterns similar to that of betaine
may play roles in plant drought response. To identify other putative
drought-relevant metabolites, we ranked metabolites based on
their correlation coefficients (Pearson’s r) with betaine, across
all compartments, treatments, and timepoints (Fig. 4A to C).
The metabolite most strongly correlated with betaine, pipecolic
acid (Pip), is a lysine catabolite that has been identified as a
critical component of the SAR pathway (Bernsdorff et al. 2016;
Návarová et al. 2012; Fig. 4B and C). It is worth noting that
it has also been shown to play a putative but enigmatic role in
abiotic stress response in rapeseed (Moulin et al. 2006) and in the
halophyte Triglochin maritima (Goas et al. 1976). Beyond Pip, the
other 9 of the top 10 correlated metabolites have all been identified
previously in recent literature as drought-relevant metabolites.
These include 4-aminobutanoic acid (GABA) (Bown and Shelp
2016), allantoin (Irani and Todd 2018; Nourimand and Todd 2017),
carnitine (Khan et al. 2019; Oney-Birol 2019), and the amino
acids proline, tyrosine, asparagine, serine, glutamine, and trans-
4-hydroxyproline (Fàbregas and Fernie 2019; Fang and Xiong
2015; Gargallo-Garriga et al. 2018; Rai 2002; Ranieri et al. 1989;
Fig. 4A).

Fig. 2. Metabolic profiles during drought differ by compartment. A, Heat map of relative peak heights of all observed metabolites (n = 124) across root,
rhizosphere [rhizo], and soil compartments and watered (W) and drought (D) treatments. B, Principal component analysis (PCA) plot of root, rhizo-
sphere, and soil metabolites. C, Proportional Venn diagram of drought-enriched metabolites in roots, rhizosphere, or soil (D/W Log2 fold change > 2,
t test P < 0.05). D and E, Heat map of the subset of metabolites that were enriched, D, or depleted, E, in roots during drought, with the predicted
identity of metabolites listed beside each row. Classical drought markers observed, D, and noted in text are annotated with asterisks. Note that
hippuric acid and 3-hydroxykynurenine, which have mainly been studied in mammalian systems, may be misidentified, as their MS/MS mirror plots
lacked resolvable isomers (Supplementary Material).
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A key goal of this study was to identify potential interactions
between these drought-related metabolites and the root-associated
bacterial community. To this end, we clustered bacterial ASVs
(grouped at the class level) and metabolites based on abundances
across all compartments, treatments, and time points (Supplemen-
tary Fig. S1). Strikingly, while the majority of metabolites and
bacterial classes separated into distinct clusters, three microbial
lineages, including the Actinobacteria, nested within a metabolite-
dominant node, just adjacent to the metabolite cluster containing
the top 10 betaine-correlated metabolites (Fig. 4D). When clus-
tering was performed based solely on the abundances in the root,
where host control of the microbiome is anticipated to be strongest
(Naylor et al. 2017) and Actinobacteria enrichment under drought
is strongest (Xu et al. 2018), we observed that the Actinobacte-
ria formed a close linkage with betaine-correlated metabolites, and
was specifically clustered with five metabolites, including pipecolic
acid (Fig. 4D and E).

Pipecolic acid and plant drought response. As pipecolic acid
is a metabolite that is correlated with Actinobacterial enrichment
patterns under drought, and plays an as yet unclear role in drought
response in the root, we chose to explore the relationship between
pipecolic acid, drought response, and the microbiome further. It has
been shown that Pip application leads to reduced root growth in Ara-
bidopsis (Wang et al. 2018b); reduced root growth can be caused by
many stimuli, but is also a commonly observed phenomenon during
drought response (Sebastian et al. 2016; Tsuji et al. 2005). To evalu-
ate whether Pip application provokes a similar response in sorghum,
we germinated sorghum in Petri dishes containing water plus 0,
0.1, or 1 mM Pip. Seven days after germination, 1 mM Pip-treated
sorghum displayed significantly reduced root growth (Fig. 5A and
B); we confirmed that a similar response occurs in Arabidopsis.
Average root growth was reduced in all Pip treatments in a dosage-
dependent manner, with significant decreases in root growth ob-
served with 0.1 and 1 mM Pip concentrations (Fig. 5C and D). These

Fig. 3. Rewatering depletes rhizosphere metabolites following a prolonged drought. A, Heat map of relative peak heights of all observed metabolites
(n = 168) across three compartments (roots, rhizosphere [rhizo], and soil), three treatments (watered [W], drought [D], and drought rewatered [DW]),
and two time points (time point 8 [TP8] and 24 h later [24 h]). B and C, Heat map of the subset of metabolites that were depleted after rewatering
(DW/D Log2 fold change < −2, t test P < 0.05), with the predicted identity of metabolites listed beside each row. Note that all significant depletions
were observed in the rhizosphere, B, except trehalose, C, which occurred in soil. D, Principal component analysis (PCA) plot of roots, rhizosphere,
and soil metabolites.
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data demonstrate that Pip application can stimulate in sorghum a
classical phenotypic response observed in roots under stress.

As Pip is best known for its integral role as a component of the
SAR systemic signaling pathway, we next explored the role of other
components of the SAR pathway in modulating the root growth
suppression phenotype. We utilized publicly available genetic re-
sources in Arabidopsis, including fmo-1, npr1-1, rbohd/rbohf, and
azi1-2 mutants, which represent critical nodes in the SAR signaling
pathway (Fig. 6), and measured the root growth of each of these vali-
dated Arabidopsis SAR mutants on media containing 1 mM Pip. No-
tably, mutants in FLAVIN-CONTAINING MONOOXYGENASE
1 (FMO-1), responsible for conversion of Pip to N-hydroxy-Pip
(Hartmann et al. 2018; Fig. 6), displayed reduced root growth simi-
lar to the wild-type plant Col-0 in response to Pip (Fig. 6), indicating
that the conversion of Pip by this enzyme is not needed to elicit re-
duced root growth. Likewise, mutants in NON EXPRESSER OF
PATHOGENESIS RELATED GENES 1 (NPR1; Cao et al. 1994),
an SA receptor required for SA-dependent SAR, and mutants in
NADPH/RESPIRATORY BURST OXIDASE PROTEINS D and

F (RBOH D/F) and the lipid transfer protein AZELAIC ACID
INDUCED 1 (AZI1; Jung et al. 2009; Wang et al. 2014), all of
which are required for SA-independent SAR, also responded sim-
ilarly to Col-0 (Fig. 6). Collectively, these results demonstrate that
Pip-mediated suppression of root growth is independent of its role
in the canonical immune-related SAR signaling pathway.

To further explore the relationship between Pip’s enrichment dur-
ing drought and its well-known role in SAR signaling, we examined
the expression of genes involved in Pip catabolism during drought.
There are two main pathways known to lead to Pip production
in higher plants. One involves the enzymes ALD1 and SARD4,
genes known to be indispensable for SAR-mediated immune re-
sponse (Hartmann and Zeier 2018). The other pathway includes
an LKR/SDH bifunctional enzyme, and this pathway has been ob-
served to have increased expression under osmotic stress (Moulin
et al. 2006), but is not required for pathogen-induced Pip produc-
tion (Hartmann and Zeier 2018). Upon examining a root RNA-Seq
dataset taken from plants grown in the same field and under the
same experimental design as the main experiment (Varoquaux et al.

Fig. 4. Pipecolic acid abundance pattern mirrors drought markers. A, The top 10 metabolites correlated with the drought marker betaine across
all sample types, treatments, and time points. B and C, Log10 peak heights of individual metabolites. Each point represents an individual sample
of roots (green), rhizosphere (blue), or soil (yellow). Dashed lines represent the limit of detection for individual metabolites, based on the average
log10 peak heights of the sample blanks for roots (red) or rhizosphere and soil (blue). D, Heat map of relative abundances of all metabolites and
bacteria amplicon sequence variants (grouped at the class level), clustered within the roots, across treatments (watered [W], drought [D], and drought
rewatered [DW]) and time points (time point 8 [TP8] and 24 h later [24 h]). E, Zoom-in on Actinobacteria and closely clustering root metabolites, as
highlighted in pink in D. Actinobacteria and the metabolites that are closely correlated with betaine (as in A) are in bold. Heat map values in D and E
are matrix-wide z-scores.
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2019), we observed that the LKR/SDH gene expression is signif-
icantly up-regulated in roots during drought stress compared with
watered controls (Supplementary Fig. S2), whereas no significant
increases in ALD1 and SARD4 expression are observed during
drought (Supplementary Fig. S3). Collectively, these data provide
additional evidence that the observed increases in Pip production
are operating outside of its canonical role in immune signaling.

Pipecolic acid’s role in the root microbiome. Next, we sought
to determine if exogenous application of Pip could provoke changes

in the root microbiome, specifically the abundance of Actinobac-
teria lineages, which show a correlation with Pip levels across
compartment and treatment. To test this, we designed an exper-
iment in which exogenously applied Pip was added to sorghum
grown in Microbox containers inoculated with field soil. Sorghum
seedlings were maintained in a growth chamber for 5 days, after
which half of the Microboxes were subjected to either drought or
watered conditions. One week later, plants were harvested. Shoot
length was significantly shorter (Supplementary Fig. S4A) and

Fig. 5. Pipecolic acid reduces root
growth. A, Root lengths of sterilized
sorghum seedlings after 7 days of
growth in water containing 0, 0.1, or
1 mM pipecolic acid (Pip). Different
letters indicate significant differences
in root length (ANOVA, Tukey-HSD,
P < 0.05). This experiment was
performed twice with similar results.
B, Two representative seedlings from
each treatment were photographed at
the time of measurement. C, Root
lengths of sterilized Arabidopsis
seedlings after 10 days of growth in
1/2MS + 1% sucrose agar medium
containing 0, 0.001, 0.01, 0.1, or 1 mM
Pip. Different letters indicate significant
differences in root length (ANOVA,
Tukey-HSD, P < 0.05). Different colors
represent plants from independent
experiments (n = 3). D, One represen-
tative plate from each of 0- and 1-mM
pipecolic acid treatments was pho-
tographed at the time of measurement.

Fig. 6. Pipecolic acid root growth reduction is systemic acquired resistance (SAR)-independent. A, Root length of Arabidopsis Col-0 (WT) and
Arabidopsis mutants grown on 1/2MS + 1% sucrose plates containing 0 or 1 mM Pip. Significance between treatments was evaluated by ANOVA
with Tukey’s HSD post hoc test (P < 0.05). Different colors represent plants from independent experiments. B, Simplified SAR pathway. Highlighted
in red are the Arabidopsis mutants used to evaluate a potential interaction between SAR and Pip-mediated root growth suppression.
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shoot fresh weight was significantly lower (Supplementary Fig.
S4B) in drought-treated plants than in watered plants. Pip treatment
did not significantly alter either shoot phenotype (Supplementary
Fig. S4). To explore differences in the overall community composi-
tion of the root microbiomes of Pipecolic acid-treated plants from
those of controls, we performed an ordination on Bray–Curtis dis-
tances between communities. PERMANOVA tests did not identify
significant differences between Pip and control samples across the
full experiment (R2 = 0.02, P = 0.417), among droughted sam-
ples only (R2 = 0.039, P = 0.44), or among watered samples only

(R2 = 0.052, P = 0.19). Samples were also ordinated using con-
strained analysis of principal coordinates (CAP). The observed sep-
aration in these ordinations based on Pip treatments from con-
trols along the CAP2 axis, which explains 2% of the observed
variation between sampled communities, was not statistically sig-
nificant, indicating that Pip does not have an impact on overall
community composition (Fig. 7A). To explore whether Pip influ-
ences the abundance of individual Actinobacterial taxa, differential
abundance (DA) testing for differences between Pip-treated and
control communities was performed. This analysis revealed 129

Fig. 7. Pipecolic acid treatment induces differential abundance of select taxa. A, Constrained analysis of principal coordinates (CAP) ordination
of Microbox experiment. B, Differential abundance of amplicon sequence variants (ASVs) in a comparison of Pip-treated versus control sam-
ples. C, Significantly differentially abundant ASVs from B are plotted and colored according to their CAP2 score percentile ranks among all ASVs.
D, Significantly differentially abundant ASVs that also fall into either 1 or 100% ranks of CAP2 score distributions.
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significantly differentially abundant ASVs. Considering the separa-
tion of Pip-treated communities from controls along the CAP2 axis,
each ASV was also labeled according to its percentile rank in the
distribution of CAP2 scores (Fig. 7B) to identify ASVs with large
effects on community separation by CAP2. Differentially abundant
ASVs were plotted according to their CAP2 distribution (Fig. 7C),
and ASVs that were both differentially abundant and falling into
the 1% (control-associated) and 100% (Pip-associated) subsets of
CAP2 loading scores were plotted by phylum (Fig. 7D). Among
the ASVs identified as Pip-associated through this analysis, nearly
half belonged to Actinobacteria (n = 4), whereas no Actinobacteria
were identified as control-associated.

Finally, we explored the possibility that inclusion of pipecolic
acid increased growth for Actinobacteria by serving as a carbon
source. Seven isolates originally derived from sorghum roots, in-
cluding both Actinobacteria and non-Actinobacteria, were grown
on media containing moderate levels of pipecolic acid or a control
carbon source (glucose) for a period of 14 days; none of the seven
isolates chosen exhibited positive growth on Pip, suggesting that any
influence pipecolic acid has on the abundance of these microbial
taxa is not as a food source (Supplementary Fig. S5). Collectively,
these results indicate that while exogenous Pip application does not
alter overall rhizosphere microbiome composition, it may influence
the abundances of individual Actinobacterial taxa, likely through
indirect and as yet undetermined means.

DISCUSSION

Metabolite and microbial community compositions shift
during drought and rewatering. Though the assemblage of the
microbiome differs between roots, rhizosphere, and soil during
drought, the underlying factors influencing these dissimilarities
are not well understood. Plant metabolites and exudates have been
hypothesized to play a role (Xu and Coleman-Derr 2019), but com-
prehensive studies of the global metabolite profiles across roots,
rhizosphere, and soil have been hindered by the complexity of soil
metabolite profiles. Advances in metabolomics have allowed char-
acterization of metabolite profiles within and across complex sub-
strates (You et al. 2019). Here, we collected both microbiome and
metabolite profiles across three different compartments (sorghum
roots, rhizosphere, and soil) and three treatments (watered, drought,
and drought recovery). One of the primary observations was a gen-
eral trend that many rhizosphere and root metabolites were more
abundant during drought. This observation is in line with previous
evidence that showed that root exudation by plants is increased
during drought (Henry et al. 2007). Preece et al. (2018) showed oak
trees to increase total organic carbon and root exudation (per gram
of root biomass) by 21% in response to drought, and similar results
have been observed in the grasses Lolium perenne and Festuca
arundinacea, as well as the dicot Medicago sativa (Sanaullah et al.
2012). While these changes were observed to subside 6 weeks
after a rewatering event, it was speculated that the large increase in
released sugars during drought could significantly impact microbial
community structure and overall biomass in the root environment
(Preece et al. 2018). Indeed, one of the leading hypotheses for
why plants increase carbon expenditure in response to stress is the
recruitment of specific plant-growth-promoting microbial partners.

Analysis of the metabolomics data in this study also demonstrated
that a large subset of the observed changes in metabolite abundance
between drought and control are compartment-specific. While sev-
eral of the best-studied metabolic indicators of drought, including
both betaine and proline (Hare et al. 1999), appear to be strongly up-
regulated in both roots and rhizosphere, others appear to be signifi-
cantly enriched specifically in the roots. For instance, the metabolite

serotonin, a compound speculated to play a role in abiotic stress re-
sponse and ROS scavenging during abiotic stress (Kaur et al. 2015),
shows strong up-regulation within root tissue but not rhizosphere.
Lysine, well known as a metabolite whose concentration is altered
by osmotic stress and which also serves as a precursor to pipecolic
acid, similarly shows up-regulation in roots but not rhizosphere. In
contrast to the patterns exhibited by these root-specific enrichments,
others are most strongly enriched within the rhizosphere itself. One
peculiar entry on this list is ABA, a phytohormone best known for
its role in intercellular signaling within plant tissues during drought
stress (Sah et al. 2016). Interestingly, past work has shown that
ABA transporters located in root epidermal cells can efflux ABA
into the rhizosphere (Hartung et al. 1996). This, in concert with the
recent finding that specific microbes (including several Actinobac-
teria) can catabolize ABA as a sole carbon source (Belimov et al.
2014; Hasegawa et al. 1984), could suggest that ABA may serve in
microbiome regulation outside of its normal role in hormone sig-
naling. In addition to these drought-enriched compounds, we also
observed a handful of drought-depleted metabolites, including two
products related to immune functionality: 2,3-Dihydroxybenzoic
acid is a major catabolic form of salicylic acid, and methylcatechol
is a derivative of methyl salicylate, a major required component
of systemic acquired immune signaling in plants (Cámara et al.
2007; Chen et al. 2019; Liu et al. 2011). Given the recent discovery
of antagonism between drought responses and immunity (Moeder
et al. 2010), it is perhaps unsurprising to see depletion of these
compounds in root tissues exposed to decreased water availability.
Collectively, these observations show that the root and rhizosphere
metabolomes, like their microbiomes, can and do behave differently
from one another, and highlight the importance of studying these
compartments independently.

A previous study of sorghum roots and rhizosphere showed that
bacterial community abundance reverts from Gram-positive dom-
inance during drought to Gram-negative dominance in both com-
partments within a week following rewatering (Xu et al. 2018). In
this study, we observed distinct patterns in the more immediate re-
sponse of roots, rhizosphere, and soil microbiomes just 24 h after
rewatering, with the rhizosphere being the most responsive. Inter-
estingly, a similar result was observed in the metabolomics data,
with the rhizosphere metabolite profile following rewatering ex-
hibiting depletion in the majority of metabolites compared with the
peak of drought. As the previous study lacked information relating
to the rapid changes that occur after rewatering (Xu et al. 2018),
the findings in this study provide context for how rapid shifts in
the rhizosphere microbiome and metabolome following rewatering
contribute to longer-term drought recovery. One possible explana-
tion for these more rapid shifts observed in the rhizosphere may
be that they are driven by flow of water, which can dilute root-
adhering metabolites into the surrounding soil. Comparable stud-
ies on the temporal effects of drought and subsequent rewatering
on metabolite profiles in grasses are lacking; however, previous
studies of trees have reported mixed long-term effects. One study
found that increases in exudation can be reversed following recov-
ery from drought, to be indistinguishable from controls (Preece
et al. 2018), while another found that extreme drought led to irre-
versible changes in exudation (Gargallo-Garriga et al. 2018). In the
future, root metabolomics studies could benefit from selection of
multiple time points following drought to understand the near- and
long-term effects of drought in roots following rewatering.

Pipecolic acid-mediated root growth suppression is not me-
diated by the systemic acquired resistance pathway. In this
study, we observed enrichment in many metabolites associated with
drought, including those with well-defined functions in stress re-
lief and those whose roles remain unclear. Of particular note, the
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metabolite pipecolic acid was significantly enriched during drought,
and its abundance correlated strongly with the highly enriched mi-
crobial marker of drought, the Actinobacteria, and the metabolites
betaine, proline, and GABA. While Pip induction in response to
osmotic stress has been noted in several previous studies (Goas
et al. 1976; Moulin et al. 2006), by far Pip’s best-known role is
in systemic immune signaling in response to pathogens. Based on
several lines of evidence, we propose that the observed Pip induc-
tion in this study likely falls outside of its known role in immune
response. First, many recent studies in plants have shown that SA
signaling and immune responses more generally are suppressed by
drought (Ding et al. 2016; Yasuda et al. 2008). This phenomenon
is primarily mediated through the drought-induced hormone ABA,
which suppresses SA signaling (Ding et al. 2016). Indeed, a prior
transcriptomic study in sorghum has shown that strong suppres-
sion of defense-related gene expression occurs in sorghum during
drought (Varoquaux et al. 2019). Second, as further evidence that
drought induction of Pip is operating independent of its known role
in immune response (Schnake et al. 2020), we show using mul-
tiple previously validated Arabidopsis SAR pathway mutants that
Pip’s ability to suppress root growth acts independent of the estab-
lished SAR signaling pathway. Finally, we provide transcriptomic
evidence that the genetic pathway responsible for Pip enrichment
under drought is one known to be dispensable for SAR signaling
(Arruda and Barreto 2020). Collectively, these data support grow-
ing evidence from other plant systems (Kiyota et al. 2015; Moulin
et al. 2006) that although Pip has been characterized as a component
of SAR in plants, it may also act as a stress-responsive metabolite
for other environmental shifts, including drought. It is worth noting
that Pip’s role as a signaling molecule in SAR has been evaluated
primarily in leaves, leaving the door open for the possibility that Pip
acts in different signaling pathways in a tissue-dependent manner.

Finally, we demonstrate that exogenous Pip application does not
appear to impact overall root-associated microbiome composition,
a result possibly impacted by the small sample size in the study or
other experimental factors, including the failure of exogenous Pip
application to reach relevant levels and localization of Pip induction
during drought stress, or degradation of Pip across the duration of
the experiment. However, it remains possible that drought-induced
Pip accumulation in the root zone may contribute to the observed
shifts in the root-associated microbiome by positively influencing
the abundance of specific Actinobacteria. Among the actinobacte-
rial lineages identified in this study as responding positively to Pip
treatment is Streptomyces, one of the genera most strongly enriched
by drought stress within the roots and rhizosphere (Fitzpatrick et al.
2018; Naylor et al. 2017; Santos-Medellín et al. 2017). This, along
with the fact that no Actinobacteria lineages were identified as asso-
ciated with the mock treatment, suggests that perhaps Pip induction
could play a supportive role for other as yet unidentified factors that
enrich for Gram-positives. It is worth noting that we find it unlikely
that the impact of Pip completely explains changes observed under
drought stress, as exogenous Pip application positively impacted the
relative abundance of a number of other bacteria as well, across both
Gram-positive and Gram-negative lineages. Additionally, we noted
that members of the Firmicutes and Chloroflexi, Gram-positive lin-
eages previously shown to have a tendency to drought enrichment in
the root microbiome (Xu et al. 2018), both appeared to be negatively
impacted by Pip treatment.

At present, the mechanism through which Pip could act to im-
pact actinobacterial abundance patterns remains unclear, although
we envision several possibilities. First, our results suggest that
any such influence is unlikely to be as a direct carbon source,
since none of the isolates tested showed significant growth on
pipecolic acid. Instead, Pip may contribute to community dynam-

ics by acting directly as a microbial osmoprotectant. In prior stud-
ies, Pip has been demonstrated to improve the growth of diverse
bacteria challenged by NaCl-induced osmotic stress, including the
Actinobacteria lineage Brevibacterium ammoniagenes (Gouesbet
et al. 1992) and the Proteobacteria lineages Escherichia coli
(Gouesbet et al. 1994), Sinorhizobium meliloti (Gouffi et al. 2000),
and Silicibacter pomeroyi (Neshich et al. 2013). These data sug-
gest that Pip can be functional as an osmoprotectant across a range
of both Gram-positive and Gram-negative bacteria, which both fits
with our observations from the exogenous Pipecolic acid micro-
biome experiments and supports the hypothesis that as an osmo-
protectant Pip remains an unlikely primary driver of the observed
drought-induced changes in the root microbiome, which heavily
favor Gram-positives. As an alternative, Pip could also play a more
indirect role, with its enrichment serving as an intermediary signal
or stimulant to other plant processes that have a more direct role
in shaping microbial abundance patterns. Several mechanisms have
been put forward as potential links to Gram-positive enrichment un-
der drought stress, including glycerol-3-phosphate, a glycolysis in-
termediate that becomes heavily enriched under osmotic stress (Xu
and Coleman-Derr 2019; Xu et al. 2018). Drought-induced changes
in iron metabolism within plant roots have also been proposed as
being involved (Xu et al. 2021). If Pip does serve as an upstream
signal in a systemic signaling pathway that responds to drought
stress, a wide variety of downstream effects, both physiological
and metabolic, could be important. Interestingly, another drought-
induced metabolite identified in our study, trans-4-hydroxyproline,
has also been discovered to play a role in systemic signaling in
plants (Taylor et al. 2012). Collectively, the data in this study and
recent work by others suggest that metabolic shifts in the roots and
rhizosphere during drought may include some impactful and as yet
poorly understood mechanisms of response.

In conclusion, drought stress represents a significant challenge to
agriculture, and many environments across the planet are experienc-
ing drought of increasing severity and frequency (Lesk et al. 2016;
Schwalm et al. 2017). In addition to changes in agronomic practice
and plant breeding for drought resilience, a successful multifaceted
approach to improved drought response in crops will likely include
the use of microbial partners that play roles in combating drought
stress. Because of simple cultivation techniques, short generation
times, and proven transformation methods, microbiome engineer-
ing represents an attractive strategy for short-term crop improve-
ment in the face of climate change. A key challenge to implementing
this approach, however, is maintaining persistence of applied mi-
crobes following engraftment, which likely arises in part because
of inadequate understanding of the complex metabolic dynamics of
the introduced ecosystem. In this study we help demonstrate that
the root dynamically responds to its abiotic environment through
its metabolite exudates and that these changes may have knock-on
effects for the microbes in the rhizosphere. In the future, taking such
dynamics into account will help ensure more predictable outcomes
for microbiome-based methods of crop improvement.

Data availability. All datasets and scripts for analysis are
available through github (https://github.com/colemanderr-lab/
Caddell-2020) and all short read data can be accessed through
NCBI BioProject PRJNA655744. Raw metabolomics data is avail-
able through the Joint Genome Institute Genome Portal JGI Project
SP 1206124.
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