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ABSTRACT Synthetic microbial communities (SynComs) are a valuable tool to study
community assembly patterns, host-microbe interactions, and microbe-microbe
interactions in a fully controllable setting. Constructing the SynCom inocula for plant-
microbe experiments can be time-consuming and difficult because a large number of
isolates with different medium requirements and growth rates are grown in parallel and
mixed to appropriate titers. A potential workaround to assembling fresh SynCom inocula
for every experiment could be to prepare and freeze SynComs on a large scale, creating
ready-to-use inocula. The objective of this study was to compare the reproducibility,
stability, and colonization ability of freshly prepared versus frozen SynCom inocula. We
used a community of seven species known to colonize maize roots. The results from
inoculation with the frozen SynCom were as consistent as those of standardized de
novo construction of fresh SynCom. Our results indicate that creating frozen SynCom
inocula for repeated use in experiments not only saves time but could also improve
cross-experiment reproducibility. Although this approach was only validated with one
SynCom, it demonstrates a principle that can be tested for improving approaches in
constructing other SynComs.

IMPORTANCE  Synthetic communities (SynComs) are an invaluable tool to characterize
and model plant-microbe interactions. Multimember SynComs approximate intricate
real-world interactions between plants and their microbiome, but the complexity and
time required for their construction increase enormously for each additional member
added to the SynCom. Therefore, researchers who study a diversity of microbiomes
using SynComs are looking for ways to simplify the use of SynComs. In this manuscript,
we evaluate the feasibility of creating ready-to-use freezer stocks of a well-studied
seven-member SynCom for maize roots. The frozen ready-to-use SynCom stocks work
according to the principle of “just add buffer and apply to sterilized seeds or seedlings”
and thus can save time applied in multiple days of laborious growing and combining of Editor Kevin Loren Hockett, Pennsylvania State
multiple microorganisms. We show that ready-to-use SynCom stocks provide compara- University, University Park, Pennsylvania, USA

ble results to those of freshly constructed SynComs and thus allow for significant time
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on sustainable agricultural production (8). Although the initial assembly of plant-associ-
ated microbiota is influenced by stochastic processes, mounting evidence suggests
that healthy plants can select particular microorganisms for establishing beneficial
communities that are complex and structured, yet reproducible (9-13).

Synthetic microbial communities (SynComs) that reduce the complexity of the
plant-associated microbiota while maintaining key structures and functions allow for
hypothesis-driven experiments with reproducible conditions (11, 14, 15). Experiments
using SynComs in gnotobiotic plant systems have described assembly patterns resulting
from specific plant-microbe (16) and microbe-microbe interactions (17, 18), identified
keystone species and assembly patterns (19, 20), determined microbial niche specializa-
tion (21), and led to the discovery of microbe-dependent heterosis in maize (22). In
short, SynComs are a powerful tool for unraveling complex plant—microbe and microbe-
microbe interactions and defining the plant holobiont.

Reproducible construction of even mildly complex SynComs requires significant
time and labor. Recent evidence highlights the importance of reproducible SynCom
construction, suggesting that the inoculation ratio of community members influen-
ces microbial community interactions (23-26). Additionally, time- and labor-intensive
construction of SynComs would become cost-prohibitive for SynComs developed as
commercial products for widespread application in agriculture. In order to improve
consistency between experiments and extend concepts and plant-beneficial mecha-
nisms to agricultural production, new approaches to building SynComs are required that
are less labor-intensive while providing consistent ratios of SynCom members.

Here, we explore the stability and efficacy of fresh and frozen aliquots of a seven-
member SynCom that has been developed as a simplified and representative SynCom for
maize (20). We used root colonization following inoculation on maize seeds to measure
the stability and efficacy.

MATERIALS AND METHODS
Preparation of fresh and frozen SynCom inocula

The synthetic community used in this study contained the following bacterial species:
Stenotrophomonas maltophilia AA1 (ZK5342), Brucella pituitosa AA2 (ZK5343), Curtobac-
terium pusillum AA3 (ZK5344), Enterobacter ludwigii AA4 (ZK5345), Chryseobacterium
indologenes AAS5 (ZK5346), Herbaspirillum robiniae AA6 (ZK5347), and Pseudomonas
putida AA7 (ZK5348), as described in Niu et al. (20, 27). Following those same studies,
we used the “Sugar Bun” (Johnny’s Seeds, Cat. 267T) variety of maize as the plant host
throughout this study.

To determine the variability between different SynCom preparation events and the
impact of freezing on the viability of the SynComs, we conducted two experiments in
which four different SynCom master mixes were prepared and inoculated onto plants
either directly (fresh) or after freezing. To determine if the duration of freezing had an
impact on SynCom viability, we tested the mixes after 1 hour and after 1 week of freezing
(Fig. 1). We constructed the synthetic community following the previously published
protocol by Niu and Kolter (27) with some modifications. We streaked freezer stocks of
each species onto selective 0.1 x tryptic soy agar plates with species-specific antibiotics
and then incubated the plates at 30°C for 2 days. Individual colonies from plates were
inoculated into 5 mL of tryptic soy broth without dextrose (VWR) and shaken for 8 hours
at 30°C. We transferred 0.1 mL of each species’ culture to a separate 250-mL flask with
125 mL of tryptic soy broth, and the flasks were shaken at 30°C for 14 to 16 hours.
We centrifuged the cultures at 8,000 x g for 10 min at 4°C. Cell pellets were washed
with 5 mL of phosphate-buffered saline (PBS) at pH 7.4 (Fisher Scientific), re-pelleted by
centrifugation at 8,000 x g for 10 min at 4°C, and then re-suspended in 10 mL PBS. We
combined species to build a SynCom master mix with S. maltophilia and P. putida at 10
cells/mL and all other species at 10° cells/mL. The concentrations were estimated from
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FIG 1 Experimental setup of mastermixes and their use in Experiments 1 and 2. Multiple mastermixes were used to determine the differences between each
SynCom construction event and to account for variations in harvest events. In Experiment 1, plants were inoculated with master mixes 1 and 2 on the same
day and also harvested on the same day; this was achieved by preparing the master mix 1 1 week prior to preparing the mix 2. In Experiment 2, Fresh #2 and
Frozen 1-h were inoculated on the same day and harvested on the same day. Frozen 7-day and Fresh #3 were both inoculated 1 week later on the same day and

harvested together.

optical density (OD) readings calibrated to cells/mL using direct cell counting under a
microscope.

The SynCom master mix was divided into aliquots for plate counting, creating freezer
stocks, and direct inoculation of the fresh microbial community onto sterilized maize
seeds. We prepared fresh and frozen, ready-to-use stocks of the SynCom in the same
exact way as follows: 1 mL of the master mix was added to cryotubes containing 0.7 mL
of sterilized PBS:glycerol (1:1), yielding a final volume of 1.7 mL with 20% glycerol. The
fresh stocks were never frozen. To use a stock, 1.7 mL of the stock was mixed with
8.3 mL PBS to yield a 10 mL inoculum with a final concentration of 10°~10” cells/mL. The
resulting 10 mL of 10°-107 cells/mL SynCom mix (fresh or frozen) was added per liter
of 0.5 x Murashige and Skoog medium (Caisson labs), yielding a final concentration of
10*-10° cells/mL of each bacterial species. This mix was then used for plant inoculation as
described below. Four replicate SynCom master mixes were created for two experiments
over the course of the study.

In the first experiment (Experiment#1), a SynCom mix (master mix 1) was prepared
and frozen at —80°C. One week later, another SynCom mix (master mix 2) was prepared
and divided into a fresh and a frozen aliquot. The fresh aliquot from master mix 2 was
immediately inoculated into surface-sterilized maize seeds (Fresh #1). At the same time,
the frozen aliquot from master mix 1 was thawed and inoculated (Experiment 1: Frozen
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7-day). The frozen aliquot of master mix 2 was frozen at —80°C for 1 hour; thereafter
the mix was thawed and inoculated on the same day (Experiment 1: Frozen 1 h). In the
second experiment (Experiment#2), two more SynCom mixes were prepared separately
(master mix 3 and master mix 4). Master mix 3 was divided into three aliquots one to
be inoculated fresh the same day (Fresh #2), after being frozen for 1 hour (Experiment 2:
Frozen 1 h), and after being frozen for 1 week (Experiment 2: Frozen 7-day). Master mix 4
was prepared and inoculated fresh (Fresh #3) on the day that Frozen 7-day (Experiment
2) was inoculated into surface-sterilized maize seeds.

Inoculation of surface-sterilized maize seeds and growth

In a laminar flow hood, we surface-sterilized Sugar Bun seeds by submerging them
in 70% (vol/vol) ethanol for 3 minutes, followed by submerging them in 2% (vol/vol)
sodium hypochlorite solution for 3 minutes, and then washing them 10 times with
sterilized deionized water. The final wash was plated onto 0.1X TSA plates to test
for residual contamination after the sterilization procedure, as described by Niu et al.
(20). We inoculated 15 surface-sterilized seeds with the fresh SynCom inocula and 15
surface-sterilized seeds with the 1 hour frozen SynCom inocula, as previously described
(22). Surface-sterilized seeds were placed in sterile 7.5” x 15" Whirl-pak bags (Nabisco)
filled with 150 mL of a calcined clay (“Pro’s Choice Rapid Dry”; Oil-Dri Corporation) and
inoculated with 90 mL of 0.5 x Murashige and Skoog medium containing the SynCom.
We sealed the bags with sterile AeraSeal breathable film (Excel Scientific, Inc.) to keep the
system sterile while allowing for aeration. Bags were randomized and placed on a shelf
with light-emitting diode (LED) growth lights (16 hours light, 8 hours dark, 23°C, ambient
humidity). Emergence of seedlings was documented daily, and plants were harvested at
10 days post-emergence.

Root harvest and absolute quantification of live microbial cells colonizing the
roots

Roots from 9 to 10 plants were harvested for the colonization assay according to Niu and
Kolter (27) with some modifications. Plants were removed from bags, and the roots were
gently rinsed in deionized water. The whole primary root from each plant was harvested,
and fresh weights were recorded (200-500 mg fresh weight). Roots were cut into small
pieces using a sterile knife and vortexed in a 2-mL tube for 3 min in 1 mL of sterile PBS
with six 3 mm sterilized glass beads to recover microbial cells from the root surface, as
described in Niu and Kolter (27). We serially diluted the cell suspension in PBS (107'-107%)
and plated the dilutions on species-specific selective media, as previously described (27).
After incubation for the required time for selective growth (16-60 hours at 30°C), the
colonies were counted and counts normalized against root fresh weight.

Viability of SynCom members following longer-term freezing

To test the impact of freezing on the viability of each species in the SynCom mix,
we prepared a SynCom master mix with 10° cells/mL for each species and prepared
fresh and frozen, ready-to-use stocks of the SynCom from the master mix, as described
previously. We measured the viability of each strain in fresh vials and vials from the same
batch frozen for 1 hour, 7 days, and 4 months. To determine the viability, vials were
diluted to 107 cells/mL in PBS and a dilution series (107'-107%) was prepared for each
mix. A total of 10 pL of each dilution in the series was plated in technical triplicates on
selective plates according to Niu and Kolter (27). Plates were incubated for 16-60 hours
at 30°C, and the resulting colonies were counted.

Statistical analysis

To detect statistical differences between different SynCom master mixes, one-way
ANOVA followed by Tukey's HSD was performed on the data set using RStudio
(1.4.1106) statistical software (28, 29). Adjustment of P-values was done using the
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Benjamini-Hochberg method. For each experiment, log CFUs / g fresh weight of each
species were tested separately against the type of the master mix used to inoculate the
plants. Assumptions of normality were satisfied by looking at the data distribution along
normal Q-Q plots. Assumptions of equal variance were tested using the Bartlett test.

RESULTS

Four replicate SynCom master mixes were created at separate time points to test for
differences in maize root colonization in terms of bacterial species colony-forming unit
counts due to (1) duration of freezer storage or (2) SynCom preparation. Master mixes
1 and 2 had aliquots frozen for 1 hour or 7 days. Master mix 3 was used in its fresh
form, frozen for 1 hour, or frozen for 7 days. Master mix 4 was used only in its fresh form
in comparison to the 7 days frozen master mix 3 (Fig. 1). master mix 4 and master
mix 3 were compared to determine the differences between different construction
events and between fresh and frozen SynComs. Master mixes contained 107 cells/mL
of Stenotrophomonas maltophilia and Pseudomonas putida and 10° cells/mL of Brucella
pituitosa, Curtobacterium pusillum, Enterobacter ludwigii, Chryseobacterium indologenes,
and Herbaspirillum robiniae.

Variation of species abundances in roots from plants inoculated with fresh
SynComs

We inoculated sterilized seeds in calcined clay with Murashige and Skoog medium
containing the SynCom bacteria and grew the plants under controlled conditions for
10 days post-emergence before we harvested roots for bacterial colony counting (see
Materials and Methods). Comparing roots of plants inoculated with the same SynCom
inoculum (e.g., master mix #2 frozen for 1 hour) showed that, for all inocula, the
abundance (log CFUs/g of root fresh weight) of each SynCom species was highly variable
between replicate plants. The standard deviations for species abundances in replicate
plants ranged from a log-value of 0.18 (E. ludwigii and C. pusillum) to 2.93 (H. robiniae)
(Table 1).

Comparing roots of plants inoculated with different master mixes showed that the
abundances varied considerably for some species (Tables 1 and 2). All of the species had
significantly higher abundances (CFUs/g of fresh root weight) in fresh mix 2 as compared
to fresh mix 3 (P < 0.05, Table 2). When comparing fresh mixes 1 and 2 again, all species
were found to have significantly higher abundances (CFUs/g of fresh root weight) in fresh
mix 2 as compared to fresh mix 1 (P < 0.05, Table 2), with the exception of S. maltophilia
(Tables 1 and 2). None of the SynCom members were significantly different in terms of
CFUs/g of fresh root weight between fresh mixes 1 and 3.

Impact of freezing SynCom stocks on species abundances in roots

Abundances of each SynCom species from plants inoculated with the frozen SynCom
stocks compared with the corresponding fresh SynCom master mixes suggest that
freezing had little impact on the ability of each species to colonize plant roots. Results
from tests with two replicate master mix communities showed that only C. pusillum
colonization was consistently altered by freezing in both replicate experiments (Table 3).
For master mix 3, we found a significant difference in the colonization of all seven species
when comparing the fresh (fresh #2) to the 7-day frozen SynCom (Table 3).

Relative abundance of SynCom members on roots varies less than absolute
abundance

Despite variation in the absolute abundance of each community member (CFU/g of
fresh root) using both frozen and fresh SynComs for seed inoculation (Tables 1 to
3), the relative abundance of each SynCom member colonizing the root remained
consistent across all of the SynComs, whether fresh or frozen (Fig. 2). The exception
was C. pusillum, which showed significant differences (ANOVA followed by Tukey’s
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TABLE 1 CFUs for each species per gram of fresh maize roots harvested 10 days post-emergence (mean log-transformed values are shown; standard deviations
are in parentheses)”

Experiment #1 Experiment #2
Master mix #2 Master mix #1 Master mix #3 Master mix #4
Fresh #1 Frozen 1 hour Frozen 7 days Fresh #2 Frozen 1 hour Frozen 7 days Fresh #3
S. maltophilia 1.86 (1.20) 2.66 (1.79) 2.82(1.28) 3.40(1.76) 2.77 (1.53) 0.37(1.12) 1.34(1.97)
B. pituitosa 5.68 (0.38) 5.75(1.00) 5.75(1.26) 7.93 (0.70) 7.41(0.79) 5.61(0.64) 5.79 (0.86)
C. pusillum 7.71(0.32) 7.86 (0.27) 8.09(0.18) 9.04 (0.29) 9.22(0.34) 7.82(0.33) 7.90(0.33)
E. ludwigii 7.18(0.18) 7.69 (0.83) 7.41(0.50) 9.57(1.22) 8.56 (0.73) 7.53(0.35) 7.72(0.51)
C.indologenes 4.09 (1.68) 5.68 (0.71) 4.20(2.32) 6.31(1.02) 6.63 (1.20) 4.75(0.78) 4.97 (0.84)
H. robiniae 3.93 (2.93) 4.33(2.77) 5.74(1.80) 7.33(0.85) 6.20 (0.99) 5.17 (0.49) 4.56 (2.08)
P. putida 0.49 (1.09) 2.25(1.60) 1.55(1.48) 4.48(0.92) 3.79(2.05) 1.97 (1.94) 1.19 (1.80)

“For each SynCom and condition (fresh or frozen) CFUs/g were determined for 8 to 11 plants.

HSD, P < 0.05) between different mixes; however, these differences were not associ-
ated with a specific SynCom treatment. In other words, lower relative abundances for
C. pusillum were observed in both fresh and frozen SynComs. The fact that relative
abundances are more consistent between experiments suggests that overall commun-
ity assembly is deterministic and reproducible between experiments. Additionally, the
relative abundance values that we measured are consistent with those in the original
characterization of the SynCom (20).

Impact of freezing SynCom stocks on species abundances in the inoculum

We tested the impact of longer-term freezing on species culturability in the SynCom
master mix by plating five aliquots of the same ready-to-use freshly prepared SynCom on
selective media and after 1 hour, 7 days, and 4 months of storage at —80°C. The titer of
each species in the SynCom frozen for different periods was compared with that in the
fresh SynCom. Although there were significant differences in the viability of some of the
strains due to freezing (viability of S. maltophilia and P. putida is slightly higher after 4
months of freezing, that of E. ludwigii is lower after 1 hour and 7 days, and that of H.
robinae is lower at all freezing time points; ANOVA followed by Tukey’s HSD), the
magnitude change in viability is negligible for 4 months of freezing (Fig. 3).

DISCUSSION

Our goal with this study was to evaluate the potential of freezing aliquots of SynComs in
lieu of constructing a new community for each experiment. Freezing aliquots of a
SynCom master mix provides two benefits to SynCom-host studies. First, it reduces the
amount of work required to culture individual members in order to construct the
community each time an experiment is initiated, and second, our results suggest that the
consistency of species relative abundances in frozen aliquots is equal to, if not better
than, the consistency of re-culturing and constructing a fresh community for each
experiment.

Although the same protocol was used to prepare each replicated SynCom, the
absolute abundances of the members of each SynCom harvested from maize roots
significantly differed in each of the three communities. The variation in each member of

TABLE 2 Statistical comparison of species abundances between plants inoculated with the three fresh SynCom master mixes?

SynCom member

S. maltophilia B. pituitosa C. pusillum E. ludwigii C. indologenes H. robiniae P. putida
Fresh 1v2 0.21 <0.001° <0.001° <0.001° 0.0016° <0.001° <0.001°
Fresh1v3 0.81 0.93 0.38 0.21 0.46 0.27 0.19
Fresh2v3 0.04° <0.001° <0.001° <0.001° 0.028° 0.03° 0.005°

?Shown are adjusted P-values from ANOVA followed by Tukey’s HSD comparing CFUs/g fresh weight on maize roots collected 10 days post-emergence (Table 1).
bSignificantly different comparisons (P < 0.05).
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TABLE 3 Adjusted P-values of ANOVA followed by Tukey’s HSD tests comparing CFUs/g fresh weight on maize roots collected 10 days post-emergence for each

SynCom species between two fresh and frozen (1 hour and 7 days) replicated experiments (data are in Table 1)

SynCom member

S. maltophilia  B. pituitosa  C.pusillum  E. ludwigii

C. indologenes

H. robiniae P. putida

Experiment #1 Fresh#1v1hour  0.56 0.99 0.49 0.12
Fresh #1v7days 047 0.99 0.01° 0.57

Experiment #2 Fresh#2v 1 hour  0.84 0.50 0.64 0.03°
Fresh#2v7days  0.002° <0.001° <0.001° <0.001°
Fresh #3v 1hour  0.21 <0.001° <0.001° 0.08
Fresh #3 v 7 days 0.56 0.95 0.94 0.95

0.15
0.99
0.90
0.04°
0.001°
0.96

0.95 0.12
0.40 0.41
0.32 0.87
<0.001° 0.003°
0.38 0.16
0.70 0.75

“Significantly different comparisons (P < 0.05).

the freshly constructed SynComs harvested from maize roots was quite high, ranging
from standard deviation log-values of 0.18 (E. ludwigii and C. pusillum) to 2.93 (H. robiniae)
(Table 1). Several SynCom studies report the log-scale variance in colonies on the root
surface across replicates. For example, the original study of the SynComs tested here
reports the range of variance for colonization of each of the seven community members
(20). Niu et al. reported that replicates collected at the same time point had a * log
variance ranging from 0.04 (SD for E. ludwigii) to 1.78 (SD for P. putida) (20). These values
are consistent with those of another study of a 12-member SynCom in maize that
indicates colonization variance between a + variance of 0.5-1.0 log (30). Another study
that explored the cryo-preservation of a 17-member SynCom also showed large
differences in community composition and root colonization in Brachypodium (17).
Despite the high variance that we have presented here, and which was also reported in
other studies, the variation in colonization is not reported in most published SynCom
studies, even though it is potentially important in understanding the microbial coloniza-
tion of plants. Finally, these data are consistent with those of other studies that show that
the absolute abundance of each member of the community is often less important than
the relative abundance or the ratio of community members (23-26).

Although considerable variations in the rhizosphere microbiome have been docu-
mented during vegetative growth (31), we think that part of the significant differences
observed in absolute species abundances is likely due to variation introduced during
harvesting and plating for counting, rather than variability due to community construc-
tion or freezing (Fig. 1). In Experiment 1, all the root samples (fresh and frozen 1 hour and
7 days) were processed at the same time. In this experiment, only one out of 14 compari-
sons between frozen SynCom samples and fresh SynCom samples was significant. In
Experiment 2, root samples inoculated with fresh mix #3 and 7-day frozen mix were
harvested and processed at the same time, and none of the comparisons was significant,
while all comparisons of the fresh mix #2, which was harvested earlier, to the 7-day
frozen mix were significant (Table 3).

Despite the high variability in absolute abundance of individual community members
harvested from maize roots across each SynCom, the relative abundances of SynCom
members were similar to each other and to the relative abundances reported previously
(20). This indicates that potential variation in microbial species ratios introduced by
SynCom treatment did not impact overall colonization patterns of SynCom members on
corn roots. However, since we did not measure ratios of SynCom members for each
treatment by plating inocula prior to application to corn seeds, we do not know how
much variation was present in ratios of SynCom member between treatments. The
observed stability in relative ratios after colonization could thus either be due to limited
variation of species ratios in the inoculum or deterministic establishment of specific
relative ratios upon root colonization driven by interactions with the plant and/or other
SynCom members independent of input ratios. The literature on inoculation of plant and
animal hosts with SynComs supports both scenarios. For example, Carlstrdm et al. (19)
showed that ratios of 62 SynCom members in the inoculum were not predictive of
ultimate colonization patterns in the Arabidopsis phyllosphere, and some SynCom
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FIG 2 Consistency of colonization (percent relative abundance) of each member of the SynCom based on CFUs/g of fresh corn root 10 days post-emergence.
Absolute abundances (Table 1) were converted to relative abundances so that the sum of relative abundances of all SynCom species is 100% for each root. Bars
with the same letter above the bar did not show significant differences (P < 0.05). One-way ANOVA followed by Tukey’s HSD was performed for each species,
P-values were adjusted for multiple comparisons using the Benjamini-Hochberg method. Error bars represent standard deviations. Bars without letters above
were not significantly different for any of the comparisons within the same species (P > 0.05).

members consistently colonized to high relative abundances, while others consistently
failed to colonize. The data from Carlstrom et al. indicate that at least in part colonization
patterns are deterministic and independent of inoculum ratios. On the other hand,
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FIG 3 The viability of species from the same ready-to-use freshly prepared SynCom master mix determined by plating on selective media and following storage

at —80°C for 1 hour, 7 days, and 4 months. Five aliquots were tested at each time point.

Venturelli et al. (26) showed that ratios of SynCom members in the inoculum can impact
the final community in a human gut microbiome SynCom. They demonstrated that after
72 hours of cultivation, 12% of the communities displayed legacy dependence on the
initial ratio (26). In summary, while in our study the relative colonization ratios of SynCom
members on corn roots were similar across all treatments, it will be important to assess
the impact of strongly shifted SynCom member ratios in the inoculum on root coloniza-
tion patterns as such ratio shifts might be caused by longer-term storage of ready-to-use
SynCom stocks.

Our study has at least three limitations, which should be addressed in future work.
First, we did not investigate how long ready-to-use stocks can be stored in the freezer
before losing their ability to colonize on corn roots at reproducible relative abundan-
ces. Ideally, ready-to-use inocula allow for reproducible inoculation for at least 1 year
or more to enable execution of multiple repeat experiments and potential sharing of
ready-to-use stocks with other members of the scientific community for reproducibility
across laboratories. Our tests showed that during 4 months of freezing, loss of viability
was negligible, suggesting that stocks can be used even after much longer storage.
Second, it has been previously shown that glycerol can impact plant growth (32) and
root development (33) at similar concentrations to what was present in our final SynCom
mixes applied to plants (~4.8 mM). We did not examine the persistence of glycerol from
frozen stocks in this study or determine longer-term plant impacts. As the response to
glycerol is plant species-specific (32), this is something that would need to be resolved
for each plant host. This highlights an important experimental design consideration,
though in that it needs to be ensured that all plants would receive the same concen-
tration of glycerol; for example, sterile control plants would need to receive the same
concentration of glycerol as plants receiving the SynCom. Alternatively, future testing
could be done to see if viability of the mix remains if glycerol is removed by centrifuga-
tion of the initial 10 mL mix prepared by dilution of the frozen aliquots. Third, often
experiments with SynComs require constructing SynComs with different compositions
such as, for example, the exclusion of suspected keystone species. For these types of
experiments, it would still be beneficial to not have to grow all the community members
de novo every time. Thus, mixing of SynComs from ready-to-use stocks of individual
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SynCom members or groups of SynCom members would be ideal. However, this has to
our knowledge not been tested yet in any system and thus would require careful testing
and validation.

Finally, although we only studied the applicability of a frozen ready-to-use SynCom
for this particular maize SynCom (20), we have demonstrated the utility of frozen
SynCom stocks in terms of reducing labor and improving inoculum consistency between
experiments. The principle works, and the approach used here can be applied to validate
frozen ready-to-use mixes for other SynComes.

ACKNOWLEDGMENTS

We are grateful to Dr. Heather Maughan for feedback on the manuscript.

This work was supported by the United States National Science Foundation under
award number 10S-2033621 (M. Wagner and M. Kleiner), the US. Department of
Agriculture National Institute of Food and Agriculture under award number 2022-
67013-36672 (M. Kleiner and M. Wagner), and the Novo Nordisk Foundation INTERACT
project under award number NNF19SA0059360 (M. Kleiner).

All authors contributed to the conception and design of this study. S.V. and C.T. ran
the experiments. S.V. and J.J.P. analyzed the data. J.J.P, S.V., and M.K. wrote the first draft
of the manuscript. All authors contributed to manuscript revision, read, and approved
the submitted manuscript.

AUTHOR AFFILIATIONS

'Department of Plant and Microbial Biology, North Carolina State University, Raleigh,
North Carolina, USA

’Department of Ecology and Evolutionary Biology, University of Kansas, Lawrence,
Kansas, USA

*Kansas Biological Survey & Center for Ecological Research, University of Kansas,
Lawrence, Kansas, USA

AUTHOR ORCIDs

Manuel Kleiner 2 http://orcid.org/0000-0001-6904-0287

FUNDING

Funder Grant(s) Author(s)
U.S. Department of Agriculture (USDA) 2022-67013-36672  Maggie R. Wagner
Manuel Kleiner

National Science Foundation (NSF) 2033621 Maggie R. Wagner

Manuel Kleiner
Novo Nordisk Fonden (NNF) NNF19SA0059360 Manuel Kleiner
AUTHOR CONTRIBUTIONS

J. Jacob Parnell, Conceptualization, Formal analysis, Investigation, Visualization, Writing
— original draft | Simina Vintila, Conceptualization, Data curation, Visualization, Writ-
ing - review and editing | Clara Tang, Conceptualization, Investigation, Methodology,
Visualization, Writing - review and editing | Maggie R. Wagner, Conceptualization,
Methodology, Supervision, Writing — review and editing | Manuel Kleiner, Conceptualiza-
tion, Formal analysis, Funding acquisition, Supervision, Writing — original draft, Writing -
review and editing

January 2024 Volume 12 Issue 1

Microbiology Spectrum

10.1128/spectrum.02401-2310


https://doi.org/10.1128/spectrum.02401-23

Methods and Protocols

REFERENCES

1.

January 2024 Volume 12

Compant S, Samad A, Faist H, Sessitsch A. 2019. A review on the plant
microbiome: ecology, functions, and emerging trends in microbial
application. J Adv Res 19:29-37. https://doi.org/10.1016/j.jare.2019.03.
004

Mendes R, Kruijt M, de Bruijn |, Dekkers E, van der Voort M, Schneider
JHM, Piceno YM, DeSantis TZ, Andersen GL, Bakker P, Raaijmakers JM.
2011. Deciphering the rhizosphere microbiome for disease-suppressive
bacteria. Science 332:1097-1100. https://doi.org/10.1126/science.
1203980

Vandenkoornhuyse P, Quaiser A, Duhamel M, Le Van A, Dufresne A.
2015. The importance of the microbiome of the plant holobiont. New
Phytol 206:1196-1206. https://doi.org/10.1111/nph.13312

Zhang J, Cook J, Nearing JT, Zhang J, Raudonis R, Glick BR, Langille MGlI,
Cheng Z.2021. Harnessing the plant microbiome to promote the growth
of agricultural crops. Microbiol Res 245:126690. https://doi.org/10.1016/
j.micres.2020.126690

Carrién VJ, Perez-Jaramillo J, Cordovez V, Tracanna V, de Hollander M,
Ruiz-Buck D, Mendes LW, van ljcken WFJ, Gomez-Exposito R, Elsayed SS,
Mohanraju P, Arifah A, van der Oost J, Paulson JN, Mendes R, van Wezel
GP, Medema MH, Raaijmakers JM. 2019. Pathogen-induced activation of
disease-suppressive functions in the endophytic root microbiome.
Science 366:606-612. https://doi.org/10.1126/science.aaw9285

Duran P, Tortella G, Viscardi S, Barra PJ, Carrién VJ, Mora M de la L, Pozo
MJ. 2018. Microbial community composition in take-all suppressive soils.
Front Microbiol 9:2198. https://doi.org/10.3389/fmicb.2018.02198
Berendsen RL, Pieterse CMJ, Bakker P. 2012. The rhizosphere micro-
biome and plant health. Trends Plant Sci 17:478-486. https://doi.org/10.
1016/j.tplants.2012.04.001

Parnell JJ, Berka R, Young HA, Sturino JM, Kang Y, Barnhart DM, DiLeo
MV. 2016. From the lab to the farm: an industrial perspective of plant
beneficial microorganisms. Front Plant Sci 7:1110. https://doi.org/10.
3389/fpls.2016.01110

Finkel OM, Castrillo G, Herrera Paredes S, Salas Gonzalez |, Dangl JL.
2017. Understanding and exploiting plant beneficial microbes. Curr
Opin Plant Biol 38:155-163. https://doi.org/10.1016/j.pbi.2017.04.018
Knief C, Ramette A, Frances L, Alonso-Blanco C, Vorholt JA. 2010. Site
and plant species are important determinants of the Methylobacterium
community composition in the plant phyllosphere. ISME J 4:719-728.
https://doi.org/10.1038/isme;j.2010.9

Muller DB, Vogel C, Bai Y, Vorholt JA. 2016. The plant microbiota:
systems-level insights and perspectives. Annu Rev Genet 50:211-234.
https://doi.org/10.1146/annurev-genet-120215-034952

Walters WA, Jin Z, Youngblut N, Wallace JG, Sutter J, Zhang W, Gonzélez-
Pefa A, Peiffer J, Koren O, Shi Q, Knight R, Glavina Del Rio T, Tringe SG,
Buckler ES, Dangl JL, Ley RE. 2018. Large-scale replicated field study of
maize rhizosphere identifies heritable microbes. Proc Natl Acad SciU S A
115:7368-7373. https://doi.org/10.1073/pnas.1800918115

Wippel K, Tao K, Niu Y, Zgadzaj R, Kiel N, Guan R, Dahms E, Zhang P,
Jensen DB, Logemann E, Radutoiu S, Schulze-Lefert P, Garrido-Oter R.
2021. Host preference and invasiveness of commensal bacteria in the
Lotus and Arabidopsis root microbiota. Nat Microbiol 6:1150-1162. https:
//doi.org/10.1038/s41564-021-00941-9

Liu Y-X, Qin Y, Bai Y. 2019. Reductionist synthetic community
approaches in root microbiome research. Curr Opin Microbiol 49:97-
102. https://doi.org/10.1016/j.mib.2019.10.010

Vorholt JA, Vogel C, Carlstrém Cl, Miller DB. 2017. Establishing causality:
opportunities of synthetic communities for plant microbiome research.
Cell Host Microbe 22:142-155. https://doi.org/10.1016/j.chom.2017.07.
004

Bodenhausen N, Bortfeld-Miller M, Ackermann M, Vorholt JA. 2014. A
synthetic community approach reveals plant genotypes affecting the
phyllosphere microbiota. PLoS Genet 10:e1004283. https://doi.org/10.
1371/journal.pgen.1004283

Coker J, Zhalnina K, Marotz C, Thiruppathy D, Tjuanta M, D’Elia G, Hailu R,
Mahosky T, Rowan M, Northen TR, Zengler K. 2022. A reproducible and

Issue 1

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32

33.

Microbiology Spectrum

tunable synthetic soil microbial community provides new insights into
microbial ecology. mSystems 7:€0095122. https://doi.org/10.1128/
msystems.00951-22

Snelders NC, Rovenich H, Petti GC, Rocafort M, van den Berg GCM,
Vorholt JA, Mesters JR, Seidl MF, Nijland R, Thomma B. 2020. Microbiome
manipulation by a soil-borne fungal plant pathogen using effector
proteins. Nat Plants 6:1365-1374. https://doi.org/10.1038/541477-020-
00799-5

Carlstrom Cl, Field CM, Bortfeld-Miller M, Miller B, Sunagawa S, Vorholt
JA. 2019. Synthetic microbiota reveal priority effects and keystone
strains in the Arabidopsis phyllosphere. Nat Ecol Evol 3:1445-1454. https:/
/doi.org/10.1038/541559-019-0994-z

Niu B, Paulson JN, Zheng X, Kolter R. 2017. Simplified and representative
bacterial community of maize roots. Proc Natl Acad Sci U S A 114:E2450-
E2459. https://doi.org/10.1073/pnas. 1616148114

Bai Y, Mdller DB, Srinivas G, Garrido-Oter R, Potthoff E, Rott M,
Dombrowski N, Miinch PC, Spaepen S, Remus-Emsermann M, Huittel B,
McHardy AC, Vorholt JA, Schulze-Lefert P. 2015. Functional overlap of
the Arabidopsis leaf and root microbiota. Nature 528:364-369. https://
doi.org/10.1038/nature16192

Wagner MR, Tang C, Salvato F, Clouse KM, Bartlett A, Vintila S, Phillips L,
Sermons S, Hoffmann M, Balint-Kurti PJ, Kleiner M. 2021. Microbe-
dependent heterosis in maize. Proc Natl Acad Sci U S A
118:€2021965118. https://doi.org/10.1073/pnas.2021965118
Aharonovich D, Sher D. 2016. Transcriptional response of Prochlorococ-
cus to co-culture with a marine Alteromonas: differences between strains
and the involvement of putative infochemicals. ISME J 10:2892-2906.
https://doi.org/10.1038/ismej.2016.70

Gao C-H, Cao H, Cai P, Segrensen SJ. 2021. The initial inoculation ratio
regulates bacterial coculture interactions and metabolic capacity. ISME J
15:29-40. https://doi.org/10.1038/541396-020-00751-7

Marin O, Gonzélez B, Poupin MJ. 2021. From microbial dynamics to
functionality in the rhizosphere: a systematic review of the opportunities
with synthetic microbial communities. Front Plant Sci 12:650609. https://
doi.org/10.3389/fpls.2021.650609

Venturelli OS, Carr AC, Fisher G, Hsu RH, Lau R, Bowen BP, Hromada S,
Northen T, Arkin AP. 2018. Deciphering microbial interactions in
synthetic human gut microbiome communities. Mol Syst Biol 14:e8157.
https://doi.org/10.15252/msb.20178157

Niu B, Kolter R. 2018. Quantification of the composition dynamics of a
maize root-associated simplified bacterial community and evaluation of
its biological control effect. Bio Protoc 8:22885. https://doi.org/10.
21769/BioProtoc.2885

R_Core_Team. 2021. R: a language and environment for statistical
computing. R Foundation for Statistical Computing, Vienna, Austria.
https://www.R-project.org.

RStudio_Team. 2020. RStudio: integrated development for R. RStudio,
PBC. Boston, MA. http://www.rstudio.com.

Figueiredo Dos Santos L, Fernandes Souta J, de Paula Soares C, Oliveira
da Rocha L, Luiza Carvalho Santos M, Grativol C, Fernando Wurdig
Roesch L, Lopes Olivares F. 2021. Insights into the structure and role of
seed-borne bacteriome during maize germination. FEMS Microbiol Ecol
97:fiab024. https://doi.org/10.1093/femsec/fiab024

Zhang J, Zhang N, Liu YX, Zhang X, Hu B, Qin Y, Xu H, Wang H, Guo X,
Qian J, Wang W, Zhang P, Jin T, Chu C, Bai Y. 2018. Root microbiota shift
in rice correlates with resident time in the field and developmental
stage. Sci China Life Sci 61:613-621. https://doi.org/10.1007/s11427-
018-9284-4

Tisserat B, Stuff A. 2011. Stimulation of short-term plant growth by
glycerol applied as foliar sprays and drenches under greenhouse
conditions.  HortScience  46:1650-1654.  https://doi.org/10.21273/
HORTSCI.46.12.1650

Hu J, Zhang Y, Wang J, Zhou Y, Wu K. 2014. Glycerol affects root
development through regulation of multiple pathways in Arabidopsis.
PLoS One 9:€86269. https://doi.org/10.1371/journal.pone.0086269

10.1128/spectrum.02401-2311


https://doi.org/10.1016/j.jare.2019.03.004
https://doi.org/10.1126/science.1203980
https://doi.org/10.1111/nph.13312
https://doi.org/10.1016/j.micres.2020.126690
https://doi.org/10.1126/science.aaw9285
https://doi.org/10.3389/fmicb.2018.02198
https://doi.org/10.1016/j.tplants.2012.04.001
https://doi.org/10.3389/fpls.2016.01110
https://doi.org/10.1016/j.pbi.2017.04.018
https://doi.org/10.1038/ismej.2010.9
https://doi.org/10.1146/annurev-genet-120215-034952
https://doi.org/10.1073/pnas.1800918115
https://doi.org/10.1038/s41564-021-00941-9
https://doi.org/10.1016/j.mib.2019.10.010
https://doi.org/10.1016/j.chom.2017.07.004
https://doi.org/10.1371/journal.pgen.1004283
https://doi.org/10.1128/msystems.00951-22
https://doi.org/10.1038/s41477-020-00799-5
https://doi.org/10.1038/s41559-019-0994-z
https://doi.org/10.1073/pnas.1616148114
https://doi.org/10.1038/nature16192
https://doi.org/10.1073/pnas.2021965118
https://doi.org/10.1038/ismej.2016.70
https://doi.org/10.1038/s41396-020-00751-7
https://doi.org/10.3389/fpls.2021.650609
https://doi.org/10.15252/msb.20178157
https://doi.org/10.21769/BioProtoc.2885
https://www.R-project.org
http://www.rstudio.com
https://doi.org/10.1093/femsec/fiab024
https://doi.org/10.1007/s11427-018-9284-4
https://doi.org/10.21273/HORTSCI.46.12.1650
https://doi.org/10.1371/journal.pone.0086269
https://doi.org/10.1128/spectrum.02401-23

	Evaluation of ready-to-use freezer stocks of a synthetic microbial community for maize root colonization
	MATERIALS AND METHODS
	Preparation of fresh and frozen SynCom inocula
	Inoculation of surface-sterilized maize seeds and growth
	Root harvest and absolute quantification of live microbial cells colonizing the roots
	Viability of SynCom members following longer-term freezing
	Statistical analysis

	RESULTS
	Variation of species abundances in roots from plants inoculated with fresh SynComs
	Impact of freezing SynCom stocks on species abundances in roots
	Relative abundance of SynCom members on roots varies less than absolute abundance
	Impact of freezing SynCom stocks on species abundances in the inoculum

	DISCUSSION


