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December 7, 2018 
 
 
 
Dear Jaydev Upponi, 
 

Enclosed please find our manuscript, “Monitoring bacterial colonization and maintenance on the 

roots of Arabidopsis thaliana in a floating, hydroponic system”, which we are submitting to the 
Journal of Visual Education. 
 
Rhizosphere colonization by plant growth-promoting bacteria (PGPB) can increase the health or 
development of host plants in the presence of diverse stressors compared to uncolonized plants, at 
least in laboratory conditions. However, when tested in field settings, treatments of plants with 
PGPBs often don’t provide substantial benefits to crop growth. In an effort to understand this 
discrepancy between lab and field studies, we developed a hydroponic plant-growth assay to 
quantify species presence and visualize the spatial distribution of bacteria during initial colonization 
and following transfer into differing growth environments.  
 
We validated our system’s reproducibility and utility with the well-studied PGPB Pseudomonas 
simiae. We wanted a system that would be applicable to a range of bacteria species, and thus that 
had sufficient adaptability to account for the differing growth needs to a range of bacteria while also 
permitting exploration of field-like environmental stressors. Further, we wanted to support the health 
and development of the plant host. The hydroponic system we describe here allows bacteria to 
colonize in nutrients that are most conducive to their growth or in conditions of interest. We show 
that we can measure the presence of multiple bacterial species using this assay, which provides an 
alternative to sequencing-based studies of  bacterial colonization of plant roots. 
 
Future studies using this system may improve our understanding of how bacteria behave in 
multispecies plant microbiomes over time and in changing environmental conditions, with the 
potential to improve crop productivity.  
 
The main manuscript has four figures and one supplemental figure.  
 
We look forward to hearing from you.   
 
Sincerely, 
 
 
Elizabeth Shank, PhD 
Assistant Professor of Biology, UNC-CH 
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SUMMARY:  23 
Here we describe a hydroponic plant growth assay to quantify species presence and visualize 24 
the spatial distribution of bacteria during initial colonization of plant roots and after their 25 
transfer into different growth environments. 26 
 27 
ABSTRACT:  28 
Bacteria form complex rhizosphere microbiomes shaped by interacting microbes, larger 29 
organisms, and the abiotic environment. Under laboratory conditions, rhizosphere colonization 30 
by plant growth-promoting bacteria (PGPB) can increase the health or the development of host 31 
plants relative to uncolonized plants. However, in field settings, bacterial treatments with PGPB 32 
often do not provide substantial benefits to crops. One explanation is that this may be due to 33 
loss of the PGPB during interactions with endogenous soil microbes over the lifespan of the 34 
plant. This possibility has been difficult to confirm, since most studies focus on the initial 35 
colonization rather than maintenance of PGPB within rhizosphere communities. It is 36 
hypothesized here that the assembly, coexistence, and maintenance of bacterial communities 37 
are shaped by deterministic features of the rhizosphere microenvironment, and that these 38 
interactions may impact PGPB survival in native settings. To study these behaviors, a 39 
hydroponic plant-growth assay is optimized using Arabidopsis thaliana to quantify and visualize 40 
the spatial distribution of bacteria during initial colonization of plant roots and after transfer to 41 
different growth environments. This system’s reproducibility and utility are then validated with 42 
the well-studied PGPB Pseudomonas simiae. To investigate how the presence of multiple 43 
bacterial species may affect colonization and maintenance dynamics on the plant root, a model 44 
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community from three bacterial strains (an Arthrobacter, Curtobacterium, and Microbacterium 45 
species) originally isolated from the A. thaliana rhizosphere is constructed. It is shown that the 46 
presence of these diverse bacterial species can be measured using this hydroponic plant-47 
maintanence assay, which provides an alternative to sequencing-based bacterial community 48 
studies. Future studies using this system may improve the understanding of bacterial behavior 49 
in multispecies plant microbiomes over time and in changing environmental conditions. 50 
 51 
INTRODUCTION:  52 
Crop destruction by bacterial and fungal diseases results in lowered food production and can 53 
severely disrupt global stability1. Based on the discovery that microbes in suppressive soils are 54 
responsible for increasing plant health2, scientists have asked whether the plant microbiome 55 
can be leveraged to support plant growth by modifying the presence and abundance of 56 
particular bacterial species3. Bacteria found to aid in plant growth or development are 57 
collectively termed plant growth-promoting bacteria (PGPB). More recently, studies have 58 
shifted from simply identifying potential PGPB to understanding how interkingdom interactions 59 
in the soil, around roots, or in the rhizosphere (the area directly surrounding and including the 60 
root surface) may be impacting PGPB activity4.  61 
 62 
Rhizosphere colonization by PGPB can increase the health or the development of host plants in 63 
response to diverse stressors relative to uncolonized plants5. However, results are often more 64 
variable in native soil conditions compared to those observed in the closely controlled 65 
greenhouse and laboratory settings6. One hypothesis for this difference is that the growth or 66 
behavior of PGPB may be inhibited by native soil bacteria or fungi in the fields7,8. Beneficial 67 
effects by rhizosphere bacteria generally depend on the ability of the bacteria to 1) locate and 68 
move towards the root, 2) colonize the root through biofilm formation, and 3) interact with the 69 
host plant or pathogens via production of small molecule metabolites7,9. Any of these 70 
colonization behaviors may be affected by the presence and activity of neighboring microbes10. 71 
 72 
We designed a system to quantify and visualize these distinct bacterial colonization stages of 73 
the rhizosphere (Figure 1). This approach will facilitate studies investigating why long-term 74 
PGPB maintenance is sometimes not observed following transfer of plants into new 75 
environments, such as during the planting of pre-inoculated seedlings. Arabidopsis thaliana as 76 
were chosen as a plant model due to its extensive use in laboratory studies as well as the ample 77 
data available about its microbial interactions11. There are three stages in the system: 1) A. 78 
thaliana growth, 2) bacterial colonization, and 3) bacterial maintenance (see Figure 1). Because 79 
A. thaliana is a terrestrial plant, it was important to ensure that it was not suffering undue 80 
water stress in the hydroponic system12. Inspired by the methods used by Haney et al.13, the 81 
seedlings are grown on plastic mesh to separate the shoot from the liquid growth medium. This 82 
system does not appear to compromise the health and development of the plant host, and it 83 
improves A. thaliana growth in liquid11. As the plant shoot floats above the surface, the roots 84 
are fully exposed to colonization by bacteria inoculated into the liquid bacterial growth 85 
medium. This permits bacteria of interest to be examined for colonization in nutrients that are 86 
most conducive to growth, while then shifting conditions to allow the plant to continue growing 87 
in a nutrient medium designed to support its growth. Both stages include steady shaking to 88 
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prevent anoxia of the root13. Bacteria can be visualized or quantified from the plant roots 89 
following transfer from either the colonization medium or the maintenance medium. This 90 
hydroponic system is very flexible, allowing experimental conditions and applied stresses to be 91 
easily altered depending on interests of the researchers.  92 
 93 
This described method is important in the context of the larger body of literature about plant-94 
microbe interactions because it provides a robust system for studying these interactions at the 95 
root surface while also being customizable to the growth preferences of different bacteria. 96 
Plant biology labs often perform plant-microbe colonization experiments on solid agar, allowing 97 
for only planar movement (if that) of bacteria while also requiring the potentially destructive 98 
manipulation of plants during subsequent transfer. In contrast, microbiology labs have 99 
frequently prioritized the health of the bacteria within their experiments, to the detriment of 100 
the plants14,15. These different priorities of plant- and microbiology-focused labs have 101 
historically made it difficult to compare results between these groups, since each typically 102 
optimizes experimental conditions to optimize their organism of interest15. The floating-mesh-103 
plant-growth system described here prevents full plant submersion, a notable advantage to 104 
previous microbiology-oriented studies, while also temporarily optimizing the growth and 105 
survival of bacteria to facilitate colonization. Thus, the assay we present here may address 106 
concerns from both plant biologists (about over-hydration and tactile manipulation of the 107 
plant) while satisfying the criteria of microbiologists (allowing for different bacterial growth 108 
conditions and multiple species’ interactions)7. This protocol is designed to be adaptable for use 109 
with various bacteria, plants, and environmental conditions. 110 
 111 
PROTOCOL: 112 
 113 
NOTE: The experimental setup is described for clarity and used to generate the representative 114 
results included in this report, but conditions can be modified as desired. All steps should be 115 
performed using PPE and following institutional and federal reccomendations for safety, 116 
according to the BSL status of the bacteria used. 117 
 118 
1. Characterization of bacteria 119 
 120 
1.1. Determine the morphology of bacteria on the growth medium agar plate. Resuspend 121 
cells at an approximate OD600 = 0.5 and plate a 1 µL volume onto agar medium of choice. Add X-122 
gal to agar plates to a final concentration of 20 mg/mL to better differentiate individual 123 
members of the specific bacterial community. Grow at 24 °C or 30 °C until colonies form, then 124 
take pictures of and notes on colony morphology.  125 
 126 
1.2. Define the correlation between each bacterial strain’s optical density and the number of 127 
CFU (colony forming units) per mL16. Resuspend bacteria in 1 mL of water in a 24-well plate to 128 
an approximate OD600 = 5, perform two-fold serial dilutions, monitor OD600 of all dilutions, and 129 
plate each to determine the viable CFU/mL in each sample at multiple optical densities. 130 
 131 
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1.3. Determine the maximum sonication tolerance for each bacterial strain. To do this, 132 
aliquot cells into a 24-well plate containing liquid medium, reserving some cells as an 133 
unsonicated control sample. Using an ultrasonicator with a 24-tip horn attachment, apply three 134 
rounds of 12 s of sonication at 40 amp with 2 s pulses.  135 

 136 
NOTE: The use of a 24-well ultrasonicator is advised to facilitate the downstream multiplexing 137 
of processing plant samples, but if one is not available, use an ultrasonicator fitted with a 138 
microtip and perform each sample sonication independently. Always wear earmuffs rated to at 139 
least 25 NRR protection. 140 

 141 
1.4. Perform 10-fold serial dilutions of the sonicated and unsonicated samples and spot onto 142 
agar plates. Determine whether there is a reduction in viable cells after sonication. If so, use a 143 
fresh sample and repeat sonication step using a reduced total sonication time or amplitude 144 
until the treatment has no effect on final CFU/mL17. 145 
 146 
2. Preparation of Arabidopsis thaliana seedlings on a plastic mesh 147 
 148 
2.1  Create disks of the plastic mesh using a standard hole puncher.  149 
 150 
2.1.1. Collect the disks in a glass container with a loose cover of aluminum foil, and sterilize 151 
using an autoclave set to a 20 min dry cycle13.  152 
 153 
2.2.2. Using flame-sterilized tweezers, distribute approximately 40 sterilized mesh disks in a 154 
single layer across the surface of a plant-growth-medium agar plate. Use 0.5x Murashige and 155 
Skoog (MS) salts, containing 500 mg/L of MES buffer [2-(N-morpholino)ethanesulfonic acid] and 156 
1.5% Bacto agar, as plant growth medium, with 50 µg/mL benomyl added to the limit fungal 157 
contamination of the seedlings. 158 
 159 
2.2  Prepare axenic seeds of A. thaliana as previously described17.  160 
 161 
2.2.1. Place approximately 100–300 seeds each into individual centrifuge tubes in a rack and 162 
place into a resealable glass or heavy plastic container (“jar”) in a fume hood.  163 
 164 
2.2.2. Using caution, place a beaker of 100 mL of bleach into the jar, add 3 mL of concentrated 165 
HCl to the bleach, and immediately seal the jar and allow fumes to sterilize seeds for at least 4 166 
h. 167 
  168 
2.2.3. Carefully remove the tubes of sterilized seeds from underneath the jar and seal. 169 
 170 
2.3  Place two seeds at the center of each mesh. Seal plates with surgical tape and incubate 171 
for 2–6 days at 4 °C in darkness to vernalize seeds. 172 
 173 
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2.4.  To germinate and grow seedlings, place the plate agar side down in a plant growth 174 
chamber for 8–10 days under short day settings: 9 h of light at 21 °C and 15 h of dark at 18 °C 175 
(Figure 1, step 2). 176 
 177 
3. Colonization of plants in liquid bacterial growth medium 178 
 179 
3.1  Add 1 mL of bacterial growth medium to each well of a sterile 24-well plate, except for 180 
media-only control wells. Use Lennox Luria Broth (10 g of tryptone, 5 g of yeast extract, 5 g of 181 
NaCl) as the bacterial growth medium. 182 
 183 
3.2  Transfer the germinated seedlings embedded in mesh from agar plates to the liquid 184 
(Figure 1, step 3a). 185 
 186 
3.2.1. Gently peel the mesh containing two germinated seedlings up and off the agar plate 187 
using flame-sterilized forceps. Choose mesh with equally sized and undamaged seedlings.  188 
 189 
3.2.2. If removal from the agar is not smooth, discard that mesh and plant. Transfer one float to 190 
each well of bacterial growth liquid, root side down. 191 
 192 
3.3  Inoculate bacteria into wells containing floating seedlings.  193 
 194 
3.3.1. Resuspend bacteria grown overnight on agar plates to an OD600 equivalent to 108 CFU/mL 195 
in the bacterial growth medium liquid. Add 10 µL of bacterial suspension to each well for a final 196 
concentration of 106 CFU bacteria per well.  197 
 198 
3.3.2.If preparing a mix of bacteria, resuspend each to the OD600 equivalent to 108 CFU/mL, mix 199 
in equal proportions, and add 10 µL of the final mix per well of liquid. 200 
 201 
3.3  Seal the plate for sterile growth. Without touching the sticky side, carefully press the 202 
gas-permeable film across the plate. Ensure that each well has been individually sealed by 203 
applying pressure around each of the rings made by the wells. Replace the plate’s plastic lid 204 
snuggly over the plate and gas-permeable film (Figure 1, step 3b). 205 
 206 
3.3 Incubate the plates for 18 h in a plant growth chamber, under the same conditions as 207 
the seedlings were originally germinated, except on an orbital plate shaker set to 220 rpm. 208 
 209 
4. Maintenance of bacterial colonization 210 
 211 
4.1  To rinse all floats (plants on mesh), add 1 mL of sterile water to wells of a new 24-well 212 
plate. Remove gas-permeable film. Using sterile forceps, transfer floats to wells with water 213 
(Figure 1, step 4a). Rinse by resting for 10 min at room temperature (RT) without agitation. 214 
 215 
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NOTE: To determine bacterial colonization efficiency of roots rather than their ability to 216 
maintain colonization over time, plants can be sacrificed at this step by taking them directly to 217 
step 5.1. 218 
 219 
4.2  Fill the wells of a new 24-well plate with 1 mL of plant growth medium. Transfer one 220 
mesh to each well. Cover with a gas-permeable seal and incubate for 72 h on the orbital plate 221 
shaker at 220 rpm in plant growth chamber (Figure 1, step 4b). 222 
 223 
4.3  Repeat the rinsing as performed in step 4.1 with floats after the 72 h incubation period. 224 
 225 
5. Collection of bacteria for viable cell counts 226 
 227 
NOTE: The number of bacteria per seedling root can be determined at any incubation 228 
timepoint. Colonization can be monitored between 0 h and 18 h, while maintenance can be 229 
monitored from 18 h onwards. Plants destined for imaging can proceed directly to section 6. 230 
 231 
5.1 Remove the seedlings from the mesh (Figure 1, step 5). Gently place flame-sterilized 232 
forceps below the leaves (but on the leaf side of the mesh), and lightly pinch the stem. Wiggle 233 
the seedlings up and away from the mesh to dislodge the root without breaking it. If the root 234 
breaks, gently scrape the mesh bottom to collect the full length. 235 
 236 
5.2 Remove bacteria from plant roots. Transfer the bacteria to wells of a 24-well plate 237 
containing 1 mL of ddH20. Sonicate the samples as described in step 1.3.  238 
 239 
NOTE: Using a microscope, look for any remaining bacteria on the root surface on a sonicated 240 
sample. If bacteria remain, increase the total sonication time or intensity until no bacteria 241 
remain bound, up to the highest level of sonication that does not affect viable cell counts as 242 
determined in section 1. 243 
 244 
5.3  Quantify the bacteria on roots.   245 
 246 
5.3.1 Perform serial 10-fold dilutions of the sonicated samples up to a 10-6 dilution in bacterial 247 
growth medium. Add 50 µL of each dilution to individual agar plates and spread with sterile 248 
glass beads (or bacterial spreader). Incubate plates at the optimal temperature for bacteria 249 
until individual colonies are countable. 250 
 251 
5.3.2  Once distinguishable, count the number of each colony morphology (as determined in 252 
section 1), and calculate CFU of each bacterial species per seedling. Discard any samples 253 
showing contamination, as contamination during colonization or maintenance may affect 254 
bacterial presence. 255 
 256 
6. Collection of intact plant roots for microscopy 257 
 258 
6.1  Using forceps, remove the seedlings from mesh as in section 5. 259 
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 260 
6.2  Transfer each plant to microscope slides.   261 
 262 
6.2.1. Place the tip of the root on the slide and drag away from the tip to set the shoot down 263 
flush with the slide, ensuring a straightened root for best imaging. Add a drop of water or 264 
sterile plant growth medium to the samples to hydrate interfaces between the coverslips and 265 
slides.  266 
 267 
6.2.2. Place a glass coverslip just above the root crown (uppermost boxed region in Figure 1) 268 
and below the shoot leaves to avoid slanting of the coverslip (to allow for root crown imaging), 269 
and press down gently17. 270 
 271 
6.3 If using fluorescent bacteria, image using appropriate excitation/emission filters to 272 
differentiate bacteria from each other and the plant root18.  273 
 274 
REPRESENTATIVE RESULTS:  275 
 276 
The well-characterized PGPB P. simiae WCS417r is known to colonize the roots of A. thaliana in 277 
hydroponic culture. This naturally fluorescent bacterium can easily be visualized using 278 
microscopy on the roots of seedlings following colonization (Figure 2). Although it is possible to 279 
image the full length of these A. thaliana seedlings’ (4–6 mm length) roots, doing so for many 280 
plants would take a prohibitive amount of time. Because most variation across timepoints and 281 
species of bacteria can be captured by imaging the crown, middle, and tip of the root14 282 
(indicated by red boxes in Figure 1), these regions were prioritized for imaging rather than 283 
imaging full root lengths. In the bright-field images of P. simiae-colonized A. thaliana roots 284 
(Figure 2), it is possible to visualize the outline of the roots and root hairs; however, at 18 h of 285 
colonization, it is not possible to clearly differentiate colonized versus non-colonized roots using 286 
bright-field images. While P. simiae displays autofluorescence, we used a strain also engineered 287 
to express a yellow fluorescent protein (YFP)19 with excitation/emission wavelengths of 490-288 
510/520-550 nm18. A magnification of 100x was sufficient to clearly identify individual and small 289 
aggregates of P. simiae cells on A. thaliana roots. As shown in Figure 2, laboratories with access 290 
to either high-resolution confocal microscopes or less expensive benchtop microscopes can 291 
both visualize the presence and distribution of bacteria along the root. 292 
 293 
While informative in terms of spatial distribution, microscopy images are not well-suited for 294 
quantification of bacterial cells. We thus collected bacteria from the surface of roots using 295 
ultrasonication as previously described and validated9,20. Three rounds of 12 s of 296 
ultrasonication21 at an amplitude of 40 were sufficient to disrupt the outer surface of the root 297 
seedlings (Supplemental Figure 1) and remove all bacteria while not impacting the bacterial 298 
viability. Sonication was used rather than bead-beating methods9 to better promote dispersal 299 
of bacterial aggregates/biofilms. Quantifying CFU/root after 18 h of colonization and an 300 
additional 72 h of maintenance showed that P. simiae both colonizes and is maintained on the 301 
roots of A. thaliana in our hydroponic, floating seedling system (Figure 3). The number of 302 
CFU/seedling at either timepoint showed good reproducibility across biological replicates 303 
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performed on different days (Figure 3). The variation observed is common among root 304 
colonization assays22 and is likely due to minor variations of timing, environmental conditions, 305 
or plant root size, even among seedlings germinated at the same time and selected to be 306 
similar in size. We observe an increase in the number of CFU/seedling after 72 h in maintenance 307 
medium as compared to the numbers observed at the post-colonization 18 h timepoint (Figure 308 
3). This indicates active growth of the colonized bacteria on the plant root occurred during the 309 
maintenance stage. 310 
 311 
In addition to the utility of this hydroponic assay to quantify individual bacterial colonization 312 
and maintenance, it is also applicable to monitoring the association of multiple species on plant 313 
roots. To demonstrate this, three species of bacteria isolated from A. thaliana grown in natural 314 
soil under laboratory conditions were chosen20. The isolates were strains of Arthrobacter 315 
nicotinovorans, Microbacterium oleivorans, and Curtobacterium oceanosedimentum23. This 316 
simplified community was chosen due to these species’ ability to coexist in liquid bacterial 317 
growth media in shaking culture (unpublished data). In addition, these three species can be 318 
clearly differentiated on media containing X-gal due to differences in colony morphology and 319 
color (Figure 4A). The X-gal does not affect relative growth of any of these bacterial species 320 
(unpublished data). These differences in morphology and colony appearance on X-gal allowed 321 
us to count the CFU/seedling of each species without antibiotic selection, even in multi-species 322 
coculture. 323 
 324 
A. nicotinovorans, M. oleivorans, and C. oceanosedimentum were all colonized and maintained 325 
on the root, whether alone or in bacterial coculture (Figure 4B). Each species showed trends 326 
that were similar across different biological and technical replicates, even within mixed 327 
communities. This demonstrates that the assay protocol can be used to measure both relative 328 
or total CFU/root of each species. Interestingly, when grown alone, no individual species 329 
showed an appreciable increase in abundance during the maintenance stage, but the overall 330 
CFU/root of the combined community increased in cocultures, indicating that these bacteria do 331 
not prohibit the colonization of the other strains. 332 
 333 
For all experiments, plants grown in liquid media without the addition of bacteria as negative 334 
controls were always included. No bacteria were visible on these control roots during 335 
microscopy (Figure 2), nor were any bacteria detected via plating for CFU (unpublished data). 336 
This indicates that sterilization of seeds and using the sterile techniques during this assay were 337 
sufficient to keep plants axenic unless purposely colonized. 338 
 339 
FIGURE AND TABLE LEGENDS:  340 
 341 
Figure 1: Assay for bacterial colonization and maintenance on A. thaliana roots. A. thaliana 342 
seedlings grown on sterilized plastic mesh were transferred to a growth medium optimized for 343 
bacteria [here, 0.1 x LB (Luria Broth) Lennox]. Bacteria then colonized the root over 18 h while 344 
the plant floated in shaking liquid. Following a rinse, the colonized float was transferred to a 345 
growth medium optimized for plants (0.5x MS + MES) for 72 h to test for maintenance of 346 
bacteria on the roots. The float was then rinsed, and the plant with any attached microbes was 347 
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removed for analysis (quantification of CFU/seedling or imaging by microscopy). 348 
 349 
Figure 2: Visualizing P. simiae colonization of roots with fluorescent microscopy. P. simiae 350 
(false-colored green) colonized A. thaliana roots and was maintained on the root following 351 
transfer to plant-growth medium. Root crown (left), mid-length (center), and tip (right) at 40x 352 
magnification are shown from areas indicated in Figure 1. The top two rows show the bright-353 
field and fluorescent images of roots colonized by P. simiae (imaged by epifluorescent 354 
microscopy). The same roots were also imaged by a confocal microscope (center two rows). 355 
The no-bacteria negative control in the two bottom rows showed no colonization. Scale bars 356 
represent 50 µm. 357 
 358 
Figure 3: Quantification of P. simiae on A. thaliana roots. Total number of P. simiae viable cells 359 
recovered per A. thaliana seedling following 18 h of colonization or 72 h of maintenance. Three 360 
individual biological replicates are shown, each containing three technical replicates of two 361 
seedlings per float. The numbers shown are the means from the technical replicates, while bars 362 
represent standard errors of the means.  363 
 364 
Figure 4: Quantification of the colonization and maintenance of a mixed bacterial community 365 
on A. thaliana roots. (A) Colonies of A. nicotinovorans, M. oleivorans, and C. 366 
oceanosedimentum can be differentiated on X-gal-containing agar medium by colony 367 
morphology and color. (B) Roots of 10 day-old seedlings were inoculated with approximately 368 
3x105 CFU/mL of each of the three strains. Shown are total CFU/seedling recovered of each 369 
species following 18 h of colonization or 72 h of maintenance when colonized either alone or in 370 
a three-member bacterial community. Two biological replicates, each comprising two technical 371 
replicates of two seedlings per float, are shown. The numbers shown are the means from the 372 
two technical replicates, while bars represent standard errors of the means .  373 
 374 
Supplemental Figure 1: Ultrasonication disrupts the root surface. To dislodge bacteria from 375 
the surface of the root, whole plants were sonicated, and the bacteria was released into the 376 
liquid, which was serially diluted and plated for quantification of CFU/seedling. (A) An intact 377 
seedling is (B) structurally disrupted following ultrasonication. 378 
 379 
DISCUSSION:  380 
Plants in all environments interact with thousands to millions of different bacteria and fungi5,7. 381 
These interactions can either negatively and positively impact plant health, with potential 382 
effects on crop yield and food production. Recent work also suggests that variable colonization 383 
of crops by PGPBs may account for unpredictable plant size and crop yield in field trials22. 384 
Understanding the mechanisms behind these interactions might allow us to directly manipulate 385 
plant-associated microbial communities to aid in healthy plant development, even under 386 
stress24. 387 
 388 
Because bacterial colonization of roots and their maintenance in the rhizosphere is critical for 389 
plant-microbe interactions9, we wanted to build a system to reproducibly visualize and quantify 390 
these bacterial behaviors. This hydroponic, floating seedling growth system allows for 391 
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microscopic imaging and quantification of bacterial populations on the roots of A. thaliana.  392 
 393 
The described plant-microbe interaction assay integrates beneficial elements of existing 394 
experimental protocols. The floating mesh method was based on that from Haney et al.13, 395 
which measured initial colonization of P. simiae WCS417r on static, floating A. thaliana 396 
seedlings. In evaluating this system, strong colonization of A. thaliana roots by P. simiae was 397 
validated, even though a different growth medium from Haney et al. was utilized and included 398 
orbital shaking during colonization. The inclusion of orbital shaking during both colonization 399 
and maintenance facilitates bacterial interactions that might not occur in static culture, as well 400 
as reduce anoxic conditions that can inhibit both bacterial growth and plant root health13. We 401 
also integrated aspects of microbiology-focused protocols designed to support plant root 402 
colonization by various bacterial species8,15,25. This included a crucial transfer step out of the 403 
medium optimized for bacterial colonization and into a medium optimized for plant growth. 404 
This transfer to fresh medium also will allow the mechanisms underlying bacterial maintenance 405 
on roots to begin to be addressed, an approach that may provide insights into the erratic 406 
maintenance of PGPB in field trials6.  407 
 408 
This assay was optimized for rapid processing of multiple samples to allow for environmental 409 
variables and mixed bacterial communities to be assayed within one multi-well biological 410 
replicate. While ultrasonication has been previously shown to be sufficient for disruption and 411 
collection of rhizosphere bacteria, the 24-well plate and multi-prong horn attachment quickens 412 
sample processing. This cell viability calculation approach to quantifying bacterial presence 413 
could be complemented by, or expanded to include, qPCR or MiSeq 16S rRNA gene community 414 
profiling to determine the relative abundance of more diverse communities of colonizing 415 
bacteria20. In addition, during imaging, the utility of focusing on just three regions of each plant 416 
root to speed the visualization of bacterial presence and localization on the roots is highlighted. 417 
The colonization of these different root regions has been shown to differ among bacterial 418 
species14. Imaging can be performed with either naturally autofluorescent bacteria or 419 
genetically tractable bacteria engineered to express a fluorescent protein. 420 
 421 
The methodology described here allows for fast and reproducible evaluation of root 422 
colonization by PGPB bacteria, but there are limitations to the conclusions that can be drawn 423 
from these experiments. For instance, the ability for bacteria to chemotax towards the root is 424 
known to be important for many bacterial species’ colonization of plant roots, but this process 425 
may not required within this shaking inoculation system. That said, for studies specifically 426 
interested in chemotaxis, the colonization step could be performed in static liquid culture or on 427 
the surface of a soft agar medium, where bacteria could be plated distant from the plant, 428 
requiring them to actively move towards the root. In addition, a relatively rich growth medium 429 
during colonization was used to promote bacterial growth and plant attachment; however, 430 
these comparatively high nutrient concentrations may prohibit the examination of bacterial 431 
utilization of or competition for plant-derived carbon during colonization. Again, depending on 432 
the growth requirements of the bacteria being studied, the colonization medium can be varied 433 
to best suit the particular research questions of specific researchers. 434 
 435 
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This system was designed to be easily amenable to different bacterial and plant growth 436 
conditions and to the addition of different environmental stressors and timepoints. However, 437 
the methods described here are best suited for measuring bacterial interactions with the roots 438 
of A. thaliana seedlings. Collection has been optimized for this plant, and larger or more 439 
sensitive plants may be intractable in the floating multi-well-plate system. Finally, while the 440 
bacteria of interest used here colonize the plant root in liquid culture, for other bacteria it may 441 
be necessary to inoculate the plant roots by dip-inoculation or plating on a solid agar medium 442 
instead19.  443 
 444 
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24-well plates BD Falcon 1801343  
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Stored at -80˚C in 40% 

glycerol preferred

BactoAgar BD
2306428; REF 

214010
 

bleach any N/A  

Conviron any N/A

Short Day Light-Dark Cycles: 

460-600 µmoles/m²/s set at 

9/15 hours light/dark at 

18/21˚C, with inner power 

outlet

Dessicator Jar: glass or heavy plastic any N/A

Ethanol any N/A  

Flame any N/A  

Forceps any N/A  

Incubator any N/A
At optimal temperature for 

growth of specified bacteria

Hydrochloric Acid any N/A

Lennox LB Broth RPI L24066-1000.0  

Microcentrifuge any N/A  

Micropipetters any N/A Volumes 5 µL to 1000 µL

Microscope (preferably fluorescence) any N/A
Could be light if best 

definition not important

MS Salts + MES RPI M70300-50.0  
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Orbital Plate Shaker any N/A
Capable of running at 220 

rpm for at least 96 hours

Petri Dishes any N/A 50 mL total volume

Reservoirs any N/A  

Spectrophotometer any N/A  

Standard Hole Punch any N/A
Approximately 7mm punch 

diameter

Sterile water any N/A  

Surgical Tape 3M MMM1538-1  

Teflon Mesh
McMaster-

Carr
1100t41  

Ultrasonicator any N/A  

Vortex Mixer any N/A  

X-gal GoldBio x4281c other vendors available

24 Prong Ultrasonicator attachment any N/A

For sonicating multiple 

samples at once. Can be 

done individually

Alumaseal II
Excel 

Scientific
FE124F  

Glass beads any N/A  

Multipetter/Repetter any N/A  

Sterile 96-well plates any N/A
For serial dilutions. Can be 

replaced by eppendorf tubes

Arabidopsis thaliana  seeds any N/A

We recommend Arabidopsis 

Biological Resource Center 

for seed stocks

Arthrobacter nicotinovorans Levy, et al. 2018

Curtobacterium oceanosedimentum Levy, et al. 2018

Microbacterium oleivorans Levy, et al. 2018
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Pseudomonas simiae WCS417r

Published in a similar system 

in Haney, et al.  2015. Strain 

used developed in Cole, et 

al. 2017
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1. Defined Terms.  As used in this Article and Video License
Agreement, the following terms shall have the following
meanings: “Agreement” means this Article and Video License
Agreement; “Article” means the article specified on the last
page of this Agreement, including any associated materials
such as texts, figures, tables, artwork, abstracts, or summaries 
contained therein; “Author” means the author who is a
signatory to this Agreement; “Collective Work” means a work,
such as a periodical issue, anthology or encyclopedia, in which
the Materials in their entirety in unmodified form, along with a
number of other contributions, constituting separate and
independent works in themselves, are assembled into a
collective whole; “CRC License” means the Creative Commons
Attribution-Non Commercial-No Derivs 3.0 Unported
Agreement, the terms and conditions of which can be found
at: http://creativecommons.org/licenses/by-nc-
nd/3.0/legalcode; “Derivative Work” means a work based
upon the Materials or upon the Materials and other pre-
existing works, such as a translation, musical arrangement,
dramatization, fictionalization, motion picture version, sound
recording, art reproduction, abridgment, condensation, or any
other form in which the Materials may be recast, transformed,
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employed at the time of the creation of the Materials; “JoVE”
means MyJove Corporation, a Massachusetts corporation and
the publisher of The Journal of Visualized Experiments;
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means the Author and JoVE; “Video” means any video(s) made
by the Author, alone or in conjunction with any other parties,
or by JoVE or its affiliates or agents, individually or in
collaboration with the Author or any other parties,
incorporating all or any portion of the Article, and in which the
Author may or may not appear.

2. Background.  The Author, who is the author of the Article,
in order to ensure the dissemination and protection of the
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and transmit videos based on the Article.  In furtherance of
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the respective rights of each Party in and to the Article and the
Video.

3. Grant of Rights in Article.  In consideration of JoVE agreeing
to publish the Article, the Author hereby grants to JoVE,
subject to Sections 4 and 7 below, the exclusive, royalty-free,
perpetual (for the full term of copyright in the Article,
including any extensions thereto) license (a) to publish,
reproduce, distribute, display and store the Article in all forms,
formats and media whether now known or hereafter
developed (including without limitation in print, digital and
electronic form) throughout the world, (b) to translate the
Article into other languages, create adaptations, summaries or
extracts of the Article or other Derivative Works (including,
without limitation, the Video) or Collective Works based on all
or any portion of the Article and exercise all of the rights set
forth in (a) above in such translations, adaptations,
summaries, extracts, Derivative Works or Collective Works and
(c) to license others to do any or all of the above.  The
foregoing rights may be exercised in all media and formats,
whether now known or hereafter devised, and include the
right to make such modifications as are technically necessary
to exercise the rights in other media and formats.  If the “Open
Access” box has been checked in Item 1 above, JoVE and the
Author hereby grant to the public all such rights in the Article
as provided in, but subject to all limitations and requirements
set forth in, the CRC License.
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4. Retention of Rights in Article.  Notwithstanding the
exclusive license granted to JoVE in Section 3 above, the
Author shall, with respect to the Article, retain the non-
exclusive right to use all or part of the Article for the non-
commercial purpose of giving lectures, presentations or
teaching classes, and to post a copy of the Article on the
Institution’s website or the Author’s personal website, in each
case provided that a link to the Article on the JoVE website is
provided and notice of JoVE’s copyright in the Article is
included.  All non-copyright intellectual property rights in and
to the Article, such as patent rights, shall remain with the
Author.

5. Grant of Rights in Video – Standard Access.  This Section 5
applies if the “Standard Access” box has been checked in Item
1 above or if no box has been checked in Item 1 above.  In
consideration of JoVE agreeing to produce, display or
otherwise assist with the Video, the Author hereby
acknowledges and agrees that, Subject to Section 7 below,
JoVE is and shall be the sole and exclusive owner of all rights of
any nature, including, without limitation, all copyrights, in and
to the Video.  To the extent that, by law, the Author is
deemed, now or at any time in the future, to have any rights
of any nature in or to the Video, the Author hereby disclaims
all such rights and transfers all such rights to JoVE. 

6. Grant of Rights in Video – Open Access.  This Section 6
applies only if the “Open Access” box has been checked in
Item 1 above.  In consideration of JoVE agreeing to produce,
display or otherwise assist with the Video, the Author hereby
grants to JoVE, subject to Section 7 below, the exclusive,
royalty-free, perpetual (for the full term of copyright in the
Article, including any extensions thereto) license (a) to publish,
reproduce, distribute, display and store the Video in all forms,
formats and media whether now known or hereafter
developed (including without limitation in print, digital and
electronic form) throughout the world, (b) to translate the
Video into other languages, create adaptations, summaries or
extracts of the Video or other Derivative Works or Collective
Works based on all or any portion of the Video and exercise all
of the rights set forth in (a) above in such translations,
adaptations, summaries, extracts, Derivative Works or
Collective Works and (c) to license others to do any or all of
the above.  The foregoing rights may be exercised in all media
and formats, whether now known or hereafter devised, and
include the right to make such modifications as are technically
necessary to exercise the rights in other media and formats.
For any Video to which this Section 6 is applicable, JoVE and 
the Author hereby grant to the public all such rights in the
Video as provided in, but subject to all limitations and
requirements set forth in, the CRC License.

7. Government Employees.  If the Author is a United States
government employee and the Article was prepared in the
course of his or her duties as a United States government
employee, as indicated in Item 2 above, and any of the
licenses or grants granted by the Author hereunder exceed the
scope of the 17 U.S.C. 403, then the rights granted hereunder
shall be limited to the maximum rights permitted under such

statute.  In such case, all provisions contained herein that are 
not in conflict with such statute shall remain in full force and 
effect, and all provisions contained herein that do so conflict 
shall be deemed to be amended so as to provide to JoVE the 
maximum rights permissible within such statute. 

8. Likeness, Privacy, Personality.  The Author hereby grants
JoVE the right to use the Author’s name, voice, likeness,
picture, photograph, image, biography and performance in any
way, commercial or otherwise, in connection with the
Materials and the sale, promotion and distribution thereof.
The Author hereby waives any and all rights he or she may
have, relating to his or her appearance in the Video or
otherwise relating to the Materials, under all applicable
privacy, likeness, personality or similar laws.

9. Author Warranties.  The Author represents and warrants
that the Article is original, that it has not been published, that
the copyright interest is owned by the Author (or, if more than
one author is listed at the beginning of this Agreement, by
such authors collectively) and has not been assigned, licensed,
or otherwise transferred to any other party. The Author
represents and warrants that the author(s) listed at the top of
this Agreement are the only authors of the Materials.  If more
than one author is listed at the top of this Agreement and if
any such author has not entered into a separate Article and
Video License Agreement with JoVE relating to the Materials,
the Author represents and warrants that the Author has been
authorized by each of the other such authors to execute this
Agreement on his or her behalf and to bind him or her with
respect to the terms of this Agreement as if each of them had
been a party hereto as an Author. The Author warrants that
the use, reproduction, distribution, public or private
performance or display, and/or modification of all or any
portion of the Materials does not and will not violate, infringe
and/or misappropriate the patent, trademark, intellectual
property or other rights of any third party.  The Author
represents and warrants that it has and will continue to
comply with all government, institutional and other
regulations, including, without limitation all institutional,
laboratory, hospital, ethical, human and animal treatment,
privacy, and all other rules, regulations, laws, procedures or
guidelines, applicable to the Materials, and that all research
involving human and animal subjects has been approved by
the Author's relevant institutional review board.

10. JoVE Discretion.  If the Author requests the assistance of
JoVE in producing the Video in the Author’s facility, the Author
shall ensure that the presence of JoVE employees, agents or
independent contractors is in accordance with the relevant
regulations of the Author's institution.  If more than one
author is listed at the beginning of this Agreement, JoVE may, 
in its sole discretion, elect not take any action with respect to
the Article until such time as it has received complete,
executed Article and Video License Agreements from each
such author.  JoVE reserves the right, in its absolute and sole
discretion and without giving any reason therefore, to accept
or decline any work submitted to JoVE.  JoVE and its
employees, agents and independent contractors shall have
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full, unfettered access to the facilities of the Author or of the 
Author’s institution as necessary to make the Video, whether 
actually published or not.  JoVE has sole discretion as to the 
method of making and publishing the Materials, including, 
without limitation, to all decisions regarding editing, lighting, 
filming, timing of publication, if any, length, quality, content 
and the like. 

11. Indemnification.  The Author agrees to indemnify JoVE
and/or its successors and assigns from and against any and all
claims, costs, and expenses, including attorney’s fees, arising
out of any breach of any warranty or other representations
contained herein.  The Author further agrees to indemnify and
hold harmless JoVE from and against any and all claims, costs,
and expenses, including attorney’s fees, resulting from the
breach by the Author of any representation or warranty
contained herein or from allegations or instances of violation
of intellectual property rights, damage to the Author’s or the
Author’s institution’s facilities, fraud, libel, defamation,
research, equipment, experiments, property damage, personal
injury, violations of institutional, laboratory, hospital, ethical,
human and animal treatment, privacy or other rules,
regulations, laws, procedures or guidelines, liabilities and
other losses or damages related in any way to the submission
of work to JoVE, making of videos by JoVE, or publication in
JoVE or elsewhere by JoVE.  The Author shall be responsible
for, and shall hold JoVE harmless from, damages caused by
lack of sterilization, lack of cleanliness or by contamination
due to the making of a video by JoVE its employees, agents or
independent contractors.  All sterilization, cleanliness or
decontamination procedures shall be solely the responsibility
of the Author and shall be undertaken at the Author’s 

expense.  All indemnifications provided herein shall include 
JoVE’s attorney’s fees and costs related to said losses or 
damages.  Such indemnification and holding harmless shall 
include such losses or damages incurred by, or in connection 
with, acts or omissions of JoVE, its employees, agents or 
independent contractors. 

12. Fees.  To cover the cost incurred for publication, JoVE
must receive payment before production and publication the
Materials. Payment is due in 21 days of invoice. Should the
Materials not be published due to an editorial or production
decision, these funds will be returned to the Author.
Withdrawal by the Author of any submitted Materials after
final peer review approval will result in a US$1,200 fee to
cover pre-production expenses incurred by JoVE.  If payment is
not received by the completion of filming, production and
publication of the Materials will be suspended until payment is
received.

13. Transfer, Governing Law.  This Agreement may be
assigned by JoVE and shall inure to the benefits of any of
JoVE’s successors and assignees.  This Agreement shall be
governed and construed by the internal laws of the
Commonwealth of Massachusetts without giving effect to any
conflict of law provision thereunder.  This Agreement may be
executed in counterparts, each of which shall be deemed an
original, but all of which together shall be deemed to me one
and the same agreement.  A signed copy of this Agreement
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Dear Editor, 
 
We greatly appreciate the opportunity to revise our manuscript (“Monitoring bacterial 
colonization and maintenance on the roots of Arabidopsis thaliana in a floating, hydroponic 
system”) and thank both the editor and reviewers for their excellent suggestions to improve it. 
Below we describe the point-by-point changes that we have incorporated into our text and 
figures in response to these constructive comments. The editor’s and reviewer’s comments are 
in black text below, with our responses in red.  
 
Editorial comments: 
 
Changes to be made by the author(s) regarding the manuscript: 
 
1. Please take this opportunity to thoroughly proofread the manuscript to ensure that there are 
no spelling or grammar issues. The JoVE editor will not copy-edit your manuscript and any 
errors in the submitted revision may be present in the published version. 

We have now searched for and corrected grammatical and spelling issues. 
 

2. Affiliations: Please provide an email address for each author. 
Email addresses for each author have been added. 
 

3. Please remove commercial language (Aeraseal, Nikon, etc.). 
Commercial language has been removed in both text and figures. 
 

4. Please revise the Protocol text to avoid the use of any personal pronouns (e.g., "we", "you", 
"our" etc.). 

We have now edited the Protocol to remove all personal pronouns. 
 

5. Please revise the Protocol to contain only action items that direct the reader to do something 
(e.g., “Do this,” “Ensure that,” etc.). The actions should be described in the imperative tense in 
complete sentences wherever possible. Avoid usage of phrases such as “could be,” “should be,” 
and “would be” throughout the Protocol. Any text that cannot be written in the imperative tense 
may be added as a “Note.” Please include all safety procedures and use of hoods, etc.  

Notes have been added to reflect necessary safety precautions and optional Protocol 
details. All Protocol steps are now actionable. 
 
However, notes should be used sparingly and actions should be described in the 

imperative tense wherever possible. Please move the discussion about the protocol to the 
Discussion. 

Notes have been used to address limited, appropriate protocol details that are not 
actionable. The discussion-type text that is not necessary for completion of the Protocol 
has been moved to the Discussion. 

 
6. Please combine some of the shorter Protocol steps so that individual steps contain 2-3 
actions and maximum of 4 sentences per step. 

We have edited the Protocol to limit both actions and text length to the required format. 
 

7. After you have made all the recommended changes to your Protocol (listed above), please 
highlight 2.75 pages or less of the Protocol (including headings and spacing) that identifies the 
essential steps of the protocol for the video, i.e., the steps that should be visualized to tell the 
most cohesive story of the Protocol. 

Response to Reviewers Click here to access/download;Rebuttal Letter;Responses to
Editors_Harris_EAS.docx
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We have highlighted the appropriate sections and length of the Protocol for videotaping. 
 

8. Please highlight complete sentences (not parts of sentences). Please ensure that the 
highlighted part of the step includes at least one action that is written in imperative tense. Notes 
cannot usually be filmed and should be excluded from the highlighting. 

We have highlighted the appropriate section and length of the Protocol for videotaping. 
 

9. Please include all relevant details that are required to perform the step in the highlighting. For 
example: If step 2.5 is highlighted for filming and the details of how to perform the step are given 
in steps 2.5.1 and 2.5.2, then the sub-steps where the details are provided must be highlighted. 

We have highlighted the appropriate section and length of the Protocol for videotaping. 
 

10. Figure 2: Please remove commercial language (Nikon, Zeiss). 
As noted above, commercial language has been removed in both text and Figures 
 

11. Figure 4: Please describe what panels A and B represent in the figure legend. Please move 
the details of the methodology to the Protocol section. 

As noted above, commercial language has been removed in both text and Figures 
 

12. Supplemental Figure 1: Please describe what panels A and B represent in the figure legend. 
The figure legend has been amended to include this information 

 
13. Please number the figures in the sequence in which you refer to them in the manuscript text. 
Currently, Figure 4 is referenced before Figure 2 and Figure 3 in the manuscript text. 

Due to changes in the Protocol, all Figures are now referenced in the order in which they 
are numbered. 

 
14. Table of Materials: Please sort the items in alphabetical order according to the name of 
material/equipment. 

The Materials have been resorted to reflect alphabetical order, within the sub categories 
of: Essential, Recommended, Optional 
 

15. References: Please do not abbreviate journal titles. 
References have been changed to provide full journal titles for all citations. 
 

Reviewers' comments: 
 
 
Reviewer #1: 

 
1). The title to reference 11 is incomplete. "A Primer on the ???" 

Thank you for finding this error in the references. We have edited the text to include the 
full name of the citation paper: “A Primer on the Arabidopsis thaliana Model System” 
 

2). For Figure 2, the root images shown are not DIC (differential interference contrast). The 
authors might want to refer to these as brightfield images instead of DIC 

We agree that this is not the correct label and have edited both the figure and the text to 
reflect the correct description as brightfield. 

 
3). For the naturally autofluorescent growth promoting bacteria mentioned in the article (page 5-



6), the authors might want to provide specifics of the excitation and emission wavelengths for 
optimal imaging of the bacteria. 

Thank you for this note; we agree that this information would be helpful. We have 
adjusted the text to clearly convey the wavelengths at which P. simiae can be visualized 
using fluorescent microscopy on line 270. 

 
 
Reviewer #2: 
 
Major concerns 
 
Line 389 - 403: The methodology described here allows indeed for fast and sturdy evaluation of 
root colonization by PGPR bacteria, but some the conclusions that can be drawn from this 
protocol have limitations which need to be discussed extensively. Shaking conditions during 
bacterial colonization does not allow experimenters to evaluate chemotaxis of the bacteria 
towards the root, which means that in this protocol, root colonization only results from the 
capacity of bacteria to attach to the root and form a biofilm. This is an important difference with 
natural conditions, in which chemotaxis towards plant is an important driver of colonization. 
Additionally, use of a bacterial colonization medium, and not of a carbon-deprived plant 
medium, will compromise the ability of experimenters to evaluate competition between bacteria 
for carbon sources around the root during colonization, and will also limit studies centered 
around interactions between bacterial species in the rhizosphere. 

We agree that there are limitations to the described protocol. We have now added text 
(see lines 404-416 of Discussion) to clarify both that 1) there are limitations in comparing 
the results of this study to field-type environments, and 2) that many of the conditions 
and parameters of this protocol can be changed to better fit the needs of the researchers 
using it. 
 

Minor Concerns: 
 
The transition between line 107 and 111 is abrupt. Can each section of the protocol be 
justified/place in context very briefly? 

We appreciate this being brought to our attention.  The protocol has been changed to 
improve the logical flow between different steps. 
 

111-112 : bacterial growth medium - why the uppercase letters? 
Thank you for catching this remnant from an early draft of the manuscript. All words 
have been changed to lowercase form. 
 

1.1.3 - This sub-section needs more details and needs to be put in a separate section (e.g. 
should be 1.2, not 1.1.3). It is an entire sub-protocol by itself. 

We agree that the partitioning of the protocol was not as clear as it should be, so we 
have edited the text to better capture the discrete, actionable steps. 
 

Line 148 : why the uppercase letters? 
As noted above, all words have now been changed to lowercase form. 
 

Line 150 : define MES - why is it necessary? is there a specific pH to this medium? 
Thank you for pointing out the need for clarification here. The text has been amended to 
reflect that MES is a buffer.  



 
3.2.1 Define more precisely "freshly grown". Is it overnight or 24h? 

Thank you for this note, the wording has been changed to clarify this culture is grown 
overnight. 
 

Line 232 : « bacterial spreader » instead of hockey stick 
We agree and have changed the text to use this descriptor. 

 
Line 265 : Imaging the full root can take a reasonable amount of time, depending on the type of 
microscope used - full length pictures and picture analysis could be used when possible (e.g. 
with an inverse fluorescence microscope). 

This is true. We changed the text to indicate that many samples would be difficult to 
image in a timely fashion, but smaller sample sets would be feasible. 
 

Line 293 : Variation could also arise from root integrity / health state of the plant. 
Since variation might arise from difference in root length, the CFU/seedlings could be evaluated 
in CFU/mm of seedling root? That might reduce the difference between plants 

We appreciate this suggestion, but because the A. thaliana seedlings are grown on agar 
plates and then transferred to liquid medium, these roots are generally curled and 
branching. Therefore, imaging or directly measuring each root would require manual 
manipulation that could affect CFU numbers. 
 

Line 294 : selected 
Thank you, we have now corrected this typo. 
 

Title of Fig 3. on the graph : maintenance 
Thank you, we have now corrected this typo. 
 

Line 358, 360,361 : medium 
Thank you, we have now corrected this typo. 
 

 
Reviewer #3: 
 
Minor Concerns: 
 
In the introduction, claims that this system will help in addressing discrepancies between soil 
and laboratory conditions seem dubious, as the system proposed here is more tightly controlled 
and artificial than many laboratory studies. 

We appreciate this perspective and have edited the introduction to better capture the 
goals of this in vitro growth system without overreaching. 
 

Ln 123 - 'bacteria's' is incorrect 
Thank you, we have now corrected this typo. 
 

Ln 153 - if it can fit within length limits, it would be preferable to outline here these methods for 
preparing axenic Arabidopsis seeds. 

We have now included a brief explanation of the vapor-phase seed surface sterilization 
method from the relevant citations. 
 

Ln 166 - the numbered bullets skip 3.1.1 



Thank you for notifying us, we have edited this error. 
 

Ln 319 - is 'occlude' the correct word here? 
We agree, and we have changed it to “prohibit”.  
 

Ln 346 - 'A thaliana' should be 'A. thaliana' 
We have corrected this error. 
 

Ln 352, 359 vs. Ln 177 - why is a lower cell concentration used here vs. in the recommended 
protocol (10^5 vs. 10^6) 

Thank you for notifying us. This was a typo on Ln 352/359, which has now been edited 
to correctly say 10^6 
 

Ln 355, 368 - units differ slightly in the text vs. on the figures 
Thank you for notifying us, the text has been edited to reflect the (accurate) data 
reflected in the figures. 
 

Ln 363 - It is strange to reference the figure from within the figure legend. 
We agree, and this has been changed. 
 

Ln 365 - Are both technical replicates shown in the figure, then? 
Yes, and the text has been edited to clarify this. 

 
Figure 3 - The title over the chart should be removed. The name of the organism should be 
incorporated into the y-axis label. Lower error bar is missing in one treatment. 

Thank you for the suggestions, we have changed the figure to accommodate these 
suggestions. 

 
Figure 4 - The title over the chart in panel B should be removed. Lower error bars are missing 
for some treatments. 

We have corrected the figure. 
 

Supplemental Figure 1 - the legend does not explicitly describe the difference between panel A, 
panel B. 

The Figure legend has been amended. 
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