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Abstract: Plant probiotic bacteria are being increasingly used to maximize productivity and quality of field 

crops. Pseudomonas chlororaphis O6 (PcO6) is a plant root colonizer with probiotic activities that produces 

metabolites such as phenazines functional in plant protection. This work reports responses of PcO6 to a non-

ionic, triblock copolymer surfactant, Pluronic F68. This Pluronic exhibits membrane “healing” activity and 
improves cryopreservation recovery in eukaryotic cells. The product is FDA approved and is applied as an 

adjuvant in formulations used in agriculture, medicine, and biotechnology. Growth of PcO6 on Luria broth at 

25°C was unhindered by 0.1 and 1.0 g/L F68, reduced at 10 g/L, with more inhibition at 100 g/L F68; micelle 

formation could account for inhibited growth at higher doses. Phenazine production was not changed by F68, 

whereas an F68 dose-dependent, surfactant-induced spread of bacterial colonization on 0.5% agar was 

observed. Exposure of cells to fluorescently labelled F68 resulted in intense fluorescence, stable to washing, 

showing a direct association of the Pluronic with the bacterium. However, neither protection nor harm was 

found for PcO6 cells undergoing repetitive freeze (-20 °C)/thaw cycles with 0.1% or 1% F68. These findings 

suggest F68 could be compatible for use in agricultural formulations with little effect on probiotics such as 

PcO6. 

Keywords: colonization; cryopreservation; fluorescent labelling; plant probiotic; pluronic; 

surfactant 

 

1. Introduction 

Polymers are present in numerous agroformulations as wetting agents and adjuvants to improve 

spreading and bioactivity of active ingredients [1]. These surface-active polymer adjuvants may have 

direct benefits to plant health, particularly when the crop is under stress. Climate change is imposing 

a greater frequency of nonpredictable drought, temperature extremes, and increased soil salinity on 

crops. Novel methods to protect plants against abiotic stresses are needed [2-3].   

The use of Pluronic F68 may provide adjuvant functionality while introducing membrane-

protective activity. Pluronic F68 protects eukaryotic cell membranes from shear stress and bubble-

facilitated ruptures in bioreactors and inserts into damaged cell membranes to “heal” permeabilized 
bilayer limiting electrolyte loss from the cells [4-9]. Pluronic 68 is an 8,400 D triblock copolymer which 

is 80% hydrophilic and a molecular structure of HO-[PEO]76-[PPO]29-[PEO]76-OH, where PEO is 

polyethylene oxide and PPO is polypropylene oxide (Figure 1). Of the numerous Pluronics that differ 

in MW and PEO/PPO ratios, F68 already has FDA approval for human use [10]. Field studies with 

F68 demonstrate enhanced shoot regeneration in some plants and cryoprotection of frozen plant 

tissues in others [11-16]. Initial studies from our group confirm that F68 at concentrations up to 10 

g/L has no phytotoxicity on wheat seedlings [17].  
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Figure 1. The structure of F68. 

Any agricultural formulation application should not harm the association of plants with 

beneficial microbiomes. The plant’s microbiome is essential for plant’s welfare, including greater 
tolerance to both abiotic and biotic stress [18-19]. The Gram-negative strain, Pseudomonas chlororaphis 

O6 (PcO6) isolated from field-grown wheat roots has probiotic effects promoting protection from 

pathogenic challenge and stresses due to drought and salinity [20-21]. The ability of PcO6 to directly 

inhibit pathogen growth and induce systemic resistance to pathogens is in part due to production of 

the metabolites, the phenazines. Phenazines are antimicrobial and are one of the triggers of induced 

plant resistance [22-24]. Pluronics exhibit a range of MWs and PEO/PPO ratios (Supplemental Table 

1). Previous work found that certain Pluronics enhanced, and others decreased phenazine production 

in isolate PcO6, although they all promoted pseudomonad swarming motility, consistent with their 

surfactant activity [25]. Phenazines and other surfactants interact positively in the inhibition of 

pythium species as pathogens [26]. Indeed, a nonionic detergent caused lysis of plant pathogenic 

Pythium and Phytophthora species zoospores but were without activity on their mycelia [27]. This 

background information stimulated our studies directed at understanding the potential interactions 

between the probiotic pseudomonad, PcO6, and F68. 

The studies reported in this paper examined effects on growth and production of phenazines by 

PcO6 to examine for inhibition or stimulation. The ability of the polymer to alter swarming motility 

of the bacterium on the surface of 0.5% nutrient agar was studied. F68 was fluorescently labelled to 

determine whether F68 was associated with bacterial cells and whether labelling was sensitive to 

washing. Potential cryoprotectant effects of F68 for the prokaryote were determined by assessment 

of culturability after freeze/thaw cycles at -20 °C in cell suspensions amended with F68. 

2. Materials and Methods 

2.1. Effects of F68 on growth of PcO6 in liquid culture 

Stocks of PcO6 were maintained frozen at -80 °C in 15% sterile glycerol. Stocks were thawed and 

inoculated onto Lysogeny Broth (LB) or minimal medium (MM) 2% agar plates with growth at 22 C 

for 30 h. To determine whether F68 showed dose-dependent toxicity for PcO6, cultures were prepared 

with a starting inoculum of 105 colony forming units per mL (CFU/mL) in LB broth containing defined 

doses of F68 (0 to 100 g/L) with shaking at 125 rpm at 22 °C. Aliquots were withdrawn from the 

culture and optical density measured at 600 nm using a BioTek Synergy HTX Multimode Reader 

(Agilent Technologies; Santa Clara, CA) as a measure of cell density. Images of the color of the 

cultured cells were taken at late stationary phase to record the production of the orange pigmented 

phenazines typical of this strain when grown on LB medium [36]. 

To show whether F68 was utilized as a carbon source by PcO6, cultures were established in a 

defined minimal medium (MM) containing phosphate salts as a pH 7.1 buffer (10.5 g/L dibasic; 4.5 

g/L monobasic K phosphates), ammonium ions as a N source from ammonium sulfate (0.125 g/L), 

and magnesium sulfate heptahydrate (0.125 g/L) as both a S source and Mg ion source. This medium 

was used without C sources (the no-C control) or with the addition of F68 (1.72 g/L). Additional 

comparative treatments were included with amendments of an osmolyte glycine betaine (GB) (1.88 

g/L), or the mix of 0.86 g/L F68 with 0.94 g/L GB. Three flasks for each treatment were prepared. 
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Growth was measured after shaking at 125 rpm for 120 h at 22 °C when cultures were into late 

stationary phase. Images of the cultures were taken to record whether the phenazine pigments were 

produced. Serial dilutions were prepared in sterile distilled water and aliquots plated onto LB agar. 

Colonies were counted after 48 h and CFU/ml for the original cultures calculated. 

2.2. F68 Effects on PcO6 swarming mobility 

The effect of F68 as a surfactant on the swarming motility of PcO6 cells was determined on MM 

containing 20 g sucrose/L as the C source and 0.5% agar [28]. The agar was amended with defined 

concentrations of F68 (0, 0.0001 g/L, 0.001 g/L, 0.01 g/L, 0.1 g/L, 1 g/L, and 10 g/L). Above 10 g/L, the 

F68 formed micelles and the agar would not set. The agar plate was inoculated in the center with 2 

µL applications of PcO6 cells at 104 CFU/mL.  The PcO6 cells were previously cultured for 48 h on 

unamended MM broth. The diameters of the colonies were measured after 48 h incubation at 22 °C 

and their morphologies were noted in images. All chemicals were from Fischer Scientific. 

2.3. Labelling of PcO6 cells with fF68  

Fluorescein-labelled F68 (fF68) was prepared by the method described in Cartwright et al (2022). 

Late logarithmic phase PcO6 cells grown in MM broth were exposed in 1 ml aliquots (1-2 x108 

CFU/mL) to 0.1 mM fF68 or 0.1 mM unlabeled F68 as a control for 30 min. Another control used cells 

without any treatment. The cells were observed for fluorescence directly or after washing. For 

washing, cells were pelleted by centrifugation at 10,000 g for 10 minutes and suspended twice in 1 

ml MM before final suspension in 1 ml MM. The fluorescence of the cell was observed using a Nikon 

TE-2000 microscope with a FITC filter set for excitation at 488 nm and emission at 516 nm. The 

integration time was 1 sec. Cells from three replicates for each treatment were observed with five 

fields of view for each sample. 

2.4. Cryoprotection by F68 for PcO6 cell suspensions 

Cells of PcO6, grown to the late logarithmic phase in a 22 °C incubator with shaking at 125 rpm, 

were pelleted by centrifugation at 10,000 g for 10 minutes in four sterile 50 mL tubes. The cell pellet 

was resuspended in sterile double distilled water before centrifugation and removal of the wash 

solutions. The cells in each tube were suspended in either sterile 15% glycerol, 0.1% w/v F68, 1% w/v 

F68, or double distilled water. The mixtures were shaken to generate homogenous suspensions before 

1 ml aliquots were transferred to sterile Eppendorf tubes. The initial concentrations were 3.6 ± 0.5 x 

108 culturable cells per ml, based on culturability on LB agar medium. All tubes were placed into a 

temperature-cycling freezer that cycled between -20°C for 48 hours and 20°C for 15 minutes. At 

defined times one tube for each of the four suspensions was removed and allowed to thaw at room 

temperature. These samples were serially diluted in sterile water and samples plated onto LB 

solidified with 2% agar plates, in triplicate. Colonies were counted after 2 d incubation to determine 

culturable cell densities in the samples. 

3. Results 

3.1. Growth of PcO6 in liquid cultures, and its phenazine production, are not altered by the presence of F68 

On rich LB medium, PcO6 growth was not altered with concentrations of F68 at 0.1 and 1 g/L 

from the growth rate without F68 (Figure 2 A). Growth rate was decreased by 10 g/L F68 and more 

extensively with 100 g/L (Figure 2 A). In the LB medium, the presence of F68 did not alter the potential 

of PcO6 to produce orange - colored phenazines (Figure 2 B).   
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Figure 2. Effect of F68 at defined doses (0 to 100 g/L) on growth rate of PcO6 in shake culture on rich 

LB medium at 22 °C and 125 rpm. A) The OD 600 nm for the cultures with and without F68 

amendments at defined times of incubation. The means of the readings and standard errors for three 

replicates for each treatment are shown. Cell densities were statistically different (p=0.050 between 

the cultures without F68 and those with 100 g/L F68 at all time points from 16 h of culture and up to 

56 h of culture for the 10 g/L amendments. B) Orange coloration of late stationary – phase 72 h 

cultures, denoting phenazine formation, is independent of F68 concentration. 

When F68 was added to a defined medium lacking a C source, no growth of PcO6 was observed 

(Figure 3). The CFU/ml at 120 h after inoculation for the medium with only F68 as C source was equal 

to that of medium inoculated with PcO6 but lacking any C source. This assessment shows that the 

F68 was not toxic to the pseudomonad cells. Cell density increases were observed when an 

osmoprotectant, glycine betaine (GB) [29-30], was added into the defined medium, and co-addition 

of F68 to the GB cultures did not affect the final CFU/ml values. No additions to this defined medium 

caused the PcO6 cells to generate orange - colored phenazines.  

 

Figure 3. Use of F68 (1.72 g/L) or GB (1.88 g/L) as sole carbon sources for growth of PcO6 in a defined 

minimal medium.  Medium containing no carbon sources (No C) also was inoculated.  The 

inoculum was added at the level of 104 CFU/mL. (A): CFU /ml for 120 h cultures as determined by 

serial dilutions of the shaken suspensions and growth on LB agar. (B) Images of the 120 h cultures. 

The data are means and standard errors of CFU/ml with three replicates/treatment. Letters above the 

bars indicate significant differences between treatments as determined by ANOVA with Tukey’s HSD 
adjustment, at p < 0.05. 

3.2. F68 enhances swarming behavior of PcO6 

A positive effect of F68 was observed on swarming for PcO6. Inocula (20 µl aliquots) added to 

MM 0.5 % agar plates with sucrose (20 g/L) as the C source grew in 48 h to colonies of approximately 

0.8 cm diameter. The diameter of the colony and its tight edged morphology was not affected by 
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addition of 0.0001 g/L F68 (Figure 4 A). With 0.1 g/L F68 the colony diameter increased (Figure 4 B) 

but retained a tight-edge morphology so that the colony was still circular in shape. However, with 1 

g/L F68 the colony diameter increased, and a dendritic growth morphology was observed (Figure 4 

C). This change in morphology occurs after the transition point in the relationship between surfactant 

activity and concentration of F68 (Supplemental Figure 1). At concentrations of F68 lower than 0.001% 

there is a rapid change in surface activity but between 0.01% and 0.1% the change in surface activity 

with concentration levels (Supplemental Figure 1).   

 

Figure 4. F68 increases colony spread and changes in colony morphology on minimal medium 

solidified with 0.5% agar to allow swarming. The medium contained sucrose as the carbon source. 

The images shown are typical of six different replicates for each concentration. A 0.0001 g/L, B 0.1 g/L 

and C 1 g/L F68. 

3.3. PcO6 cells become fluorescent when exposed to fF68 

To explore further how F68 influences PcO6 cells, the Pluronic was labelled with fluorescein, 

producing a fluorescent complex, fF68. Exposure of PcO6, grown to early stationary phase in rich LB 

in shake culture, to fF68 for 3 h resulted in cells with outlines that were brightly fluorescent as shown 

in Figure 5. Two control treatments were examined; first the cells alone did not show fluorescence 

(Supplemental Figure 2) and second of PcO6 cells with nonlabelled F68 for 3 h (Supplemental Figure 

2) did not induce fluorescence. The fluorescence of PcO6 caused by treatment with fF68 was stable to 

wash in minimal medium.   

 

Figure 5. Exposure of PcO6 cells to fF68 results in fluorescent labelling. Fluorescence of PcO6 cells 

exposed to fF68 for 3 h without washing (A) or after washing (B) with noninoculated minimal 

medium. The size bar is 10 µm. The images were taken using a FITC filter with 488 nm and emission 
at 516 nm with an integration time of 1 sec. Images are typical of five fields of view. 

3.4. Suspension in F68 does not provide cryoprotection to PcO6 

Suspensions of PcO6 cells, with starting CFU/mL of 3.2 ± 0.5 x108, showed decreased culturability 

with the increasing number of freeze thaw cycles from the storage temperature of -20 °C (Figure. 6). 

Loss in culturability was least for the cell suspensions in glycerol. The suspensions in sterile water 
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showed a greater loss in culturability, losses that were not improved by suspensions in 0.1 or 1% F68 

when sampled after one, two and three thaw periods. Suspension in 1% F68 gave statistically higher 

(p=0.05) culturable cells for the first two cycles but not the third cycle. By the third freeze thaw cycle, 

the survival of culturable cells was statistically less in 0.1% F68 than in the suspensions in water and 

1% F68. During thaw after this third cycle period, the glycerol suspensions thawed faster than 

samples in water or F68 as shown in Figure 7 where ice is still visible for the suspensions in F68 and 

water but not for the glycerol suspension. Additionally, a pellet was formed with the glycerol 

suspension (Figure. 7) whereas thawing of the water- and F68- samples gave optically dense 

suspensions typical of suspended cells. This pellet in the glycerol sample, when resuspended before 

the plating of the sample, produced the suspensions with the culturable cell number shown in Figure 

7. In some of the published cryoprotection studies (Supplemental Table 2), F68 was active when 

added during the thawing process [15]. However, when 1% F68 was added to suspensions of cells 

frozen at -20 °C and without any previous thaw in either 15% glycerol or water, no consistent effect, 

either protective or detrimental, was observed in thrice repeated studies (data not shown). 

 

Figure 6. Effect of freeze /thaw cycles on culturability of PcO6. The data show the mean of culturable 

cells/ ml, obtained from samples completely thawed for 12 min at 22 °C, on LB with 2% agar based on 

samples of three different tubes for each cycle and treatment. Standard errors are shown, and the 

asterisks denote a significant difference between the designated treatments at p=0.05 determined 

using the student’s t-test. 
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Figure 7. Appearance of tubes of PcO6 cells suspended in water, glycerol and F68 after three freeze (-

20 °C) thaw cycles. Thawing proceeded at room temperature (22 °C) for 7 minutes.  This image 

showed the faster thaw for the glycerol suspensions versus the cells suspended in water or water 

amended with 1% F68. The red box highlights the pellet in the thawed glycerol sample.  Ice crystals 

are apparent at the same time of thawing for PcO6 cells suspended in sterile water or 1% F68 when 

transferred into the freezer. 

4. Discussion 

F68 was compatible with the growth of the plant probiotic PcO6 on both rich and minimal 

defined media confirming its classification as an FDA-approved adjuvant. These findings agreed 

with a previous publication where cell densities of PcO6 grown in LB or MM liquid shake cultures 

were not affected by 0.5% (v/v) Pluronics P104, P108, P123 or the reverse Pluronic 25R2 [25]. Each of 

these Pluronics have different proportions of PPE and PPO as shown in Supplemental Table 1 

although all are surfactant active.  

F68 also did not alter the production of phenazines from PcO6 unlike the increases during 

growth on LB medium with 0.5% amendments seen with 25R2 and the decreases with P104 and P123; 

the null effect of F68 paralleled that of F108 [25]. These responses suggest that the presence of F68 in 

formulations would not alter the production of phenazines, that are important for biocontrol-active 

pseudomonads [23]. Like all the Pluronics examined in previous studies by Housley et al (2009), the 

surface activity of F68 promoted spreading of colonies of PcO6 on a soft agar surface. Such activity 

may enhance colonization of the root surface, a factor essential for plant protection by biocontrol 

pseudomonads [31]. The finding that PcO6 does not utilize F68 as a C source for growth would add 

to its longevity in the rhizosphere if it were present in applied agricultural formulations.  

PcO6 cells appeared to sorb a coating of F68, as determined by fluorescence imaging of cells 

exposed to fF68. This label was stable by washing but currently it is not resolved whether any of the 

Pluronic is internalized by the bacterial cells. Labelling of organelles of fF68 within root cells has been 

observed [17]. It is possible internalization is restricted by the complexity of the bacterial surface 

layers. For the pseudomonad there exists an extracellular polymeric layer, the outer 

lipopolysaccharide layer that surrounds the periplasmic space and then the plasma membrane. The 

bacterial plasma membrane is full of active components, including porins, transporters, the housing 

complexes and signal transduction sites for flagella, environmental sensors, as well as all the 

structures of the electron transport chain. It is possible this layered complexity in the bacterial 

membranes limits membrane healing effects proposed for F68 action with eukaryotic membranes [7-

9]. 

We were surprised by the finding that F68 did not act as a cryoprotectant for the PcO6 cells. As 

explained above, this result may be due to the complexity of the multiple layers that enclose the 

cytoplasm of the Gram-negative cell preventing healing of ice-crystal damaged membranes. It is 
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unlikely that these results are due to the concentrations of F68 examined being too low; the values 

were within the range found in published literature (Supplemental Table 2). Indeed, 1% (w/v) F68 

contains 7 x 1017 molecules F68/ml. Consequently 2 x 109 molecules of F68 would be available for each 

PcO6 cell in our studies using suspensions at 3.2 x 108 CFU/ml. Further calculations, based on the size 

of PcO6 cells and an F68 molecule, propose that 4 x 103 molecules of F68 would be needed to fully 

cover a single cell of PcO6. The concentration of F68 in the 1% treatments thus exceeds the amount 

required for complete PcO6 cell coverage; these calculations support the observation of overall cell 

fluorescence after exposure to fF68. Supplemental Table 2 provides several examples where 

cryoprotection for eukaryotic cells is observed. Agricultural formulations with a cryogenic-protective 

role would be valuable under the pressure of climate instability where field soil temperatures 

fluctuate into freezing conditions. For instance, In Cache Valley Utah USA, where colonized field-

grown, winter wheat roots were the source of PcO6 [20], the winter conditions can result in the soil 

being frozen to depths of 20 cm multiple times creating several freeze/thaw cycles [32]. This freezing 

depth could subject PcO6 cells to freezing in the soil or when attached to the roots of winter wheat. 

Studies with another biocontrol-active pseudomonad, P. fluorescens Pf5, indicate that the RpoS 

regulon provides protection against freeze damage and a comparative RpoS regulon active in stress 

response is present in PcO6 [33-34]. The RpoS regulon could account for the survival through the 

freeze/thaw cycles of the PcO6 cells suspended only in water. The studies also support the 

cryoprotection offered by suspending the cells in 15% glycerol, where loss in culturability was 

restricted to loss of 1 log unit after three free/thaw cycles.  

5. Conclusions 

In summary, the findings support the adjuvant classification of F68. This Pluronic did not limit 

growth of a plant probiotic PcO6 or alter its production of the important biocontrol trait of phenazine 

biosynthesis. Altered swarming might boost colonization of the bacterium on plant surfaces. The 

surfactant activity of F68 could be valuable for its inclusion as an adjuvant in formulations for crop 

applications. 

Supplementary Materials: The following supporting information can be downloaded at the website of this 

paper posted on Preprints.org. The materials are Supplementary Tables 1 and 2; Supplementary Figures 1 and 
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