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Abstract 

Surfactants are widely utilized in agriculture as emulsifying, dispersing, anti-foaming, and wetting 

agents. In these adjuvant roles the inherent biological activity of the surfactant is secondary to the 

active ingredients. Here, the hydrophilic non-ionic surface-active tri-block copolymer, Pluronic® F68, 

is investigated for direct biological activity in wheat. F68 binds and inserts in lipid membranes, which 

may benefit crops under abiotic stress. F68 interactions with Triticum aestivum (var Juniper) seedlings 

and a seed-borne Bacillus spp. endophyte are presented. At concentrations below 10 g/L, F68-primed 

wheat seeds exhibited unchanged emergence. Root-applied fluoroscein-F68 (fF68) was internalized 

in root epidermal cells and concentrated in highly mobile endosomes. Potential benefit of F68 in 

droughted wheat was examined and contrasted with wheat treated with the osmolyte, glycine 

betaine (GB). Photosystem II activity of droughted plants dropped significantly below non-

droughted controls, and no clear benefit of F68 (or GB) during drought or rehydration was observed. 

However, F68-treated wheat exhibited increased transpiration values (for watered plants only) and 

enhanced shoot dry mass (for watered and droughted plants), not observed for GB-treated or 

untreated plants. Release of seed-borne bacterial endophytes into the spermosphere of germinating 

seeds was not affected by F68 (for F68-primed seeds as well as F68 applied to roots), and planktonic 

growth of a purified Bacillus spp. seed endophyte was not reduced by F68 applied below the critical 

micelle concentration. These studies demonstrated that F68 entered wheat root cells, concentrated in 

endosomes involved in transport, significantly promoted shoot growth, and showed no adverse 

effects to root-associated bacteria. 

Keywords: agricultural adjuvant; Bacillus; block copolymers; drought; endophyte; Pluronic F68; 

surfactant; wheat 

Key Contribution: Adjuvants are integral to agricultural formulations. Pluronic F68 (Poloxamer 

P188) is an antifoaming and lipid membrane sealing agent that is demonstrated here to increase 

wheat seedling shoot mass with no negative effects on a seed endophyte; supporting agricultural 

adjuvant roles for this Pluronic 

 

1. Introduction 

Climate extremes, diminishing soil health, and increasing global population impose a greater 

need to maximize crop productivity and quality. Adjuvants that aid in delivery and utilization of 

nutrients provide an alternative to the traditional approach of increasing yield through increased 
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fertilizer and pesticide use. Pluronics (also known as Poloxamers or Kolliphors) are non-ionic, 

ethoxylated triblock copolymers demonstrating adjuvant functionality [1]. These polymers are used 

in foods, cosmetics, and biotechnology, and exhibit unique membrane-protective / membrane-

healing activity as reviewed by Kwiatkowski et al. [2]. Pluronic F68 (Poloxamer P188 or Kolliphor® 

P188) binds to and inserts into lipid bilayers, protecting cells from shear damage in suspended cell 

culture and limiting electrolyte leakage in damaged membranes [3–5]. Pluronics are generally 

recognized as safe (GRAS) and the excipient and membrane-active functions of F68 are FDA-

approved (FDA inactive ingredient database search “Poloxamer 188” accessed 5/2025). For instance, 

in trials with humans, pain improvement in sickle-cell anemia is attributed to F68 coating of red blood 

cells [6,7].  

Demonstrated lipid bilayer protection and membrane repair from F68 may translate into 

agriculture to protect drought-stressed plant cells where membrane integrity is compromised [8–11]. 

F68 also exhibits a metal binding capacity that potentially shields F68-coated cells from toxic ion 

concentrations while retaining the metals for later utilization [12]; thus, F68 could be of value in the 

rhizosphere as a reservoir for essential elements. 

Plant health depends on the cooperation of the plant with both epiphytic and endophytic 

microbes, which constitute the plant’s microbiome. One of the many roles of the microbiome is to 

confer protection to the host from drought and pathogen stresses [13–16]. Thus, if F68 is to be used 

as an agricultural adjuvant, it must not have deleterious effects on the plant or its microbiome. F68 

shows no adverse effects on a probiotic epiphyte wheat root colonizer, Pseudomonas chlororaphis O6 

(PcO6), which does not utililze the ethoxylated polymer as a carbon source in planktonic growth 

experiments [17]. Investigations of F68 in plant cell culture and agriculture are limited. We have 

previously reported F68 treated wheat under non-stressed conditions exhibit increased shoot mass 

[18], possibly due to improved nutrient utilization as suggested by Kok et al., for F68-treated rice 

[19,20]. 

Here, adjuvant applications of F68 were examined in drought stressed wheat. F68 seed priming 

was performed to assess concentration dependent effects on germination and plant emergence. 

Rhizosphere delivery of F68 in PcO6 colonized wheat grown to 28 days was examined for potential 

amelioration of drought stress, utilizing evapotranspiration, photosynthetic output, and end of study 

dry weight yield as metrics. The fate and transport of fluorescently labeled F68 in the rhizoplane, 

including interactions with an endophytic Bacillus spp. were monitored to assess F68 membrane 

affinity, microbiome interactions, and mobility in plant cells. F68 biological activity in watered and 

droughted plants was manifest as an increase in evapotranspiration and shoot dry mass compared 

to untreated controls or plants receiving the osmolyte glycine betaine (GB), utilized here as a know 

plant protective compound. A neutral effect of F68 (and GB) was observed during plant drought 

recovery, suggesting that application timing and doses need to be further tuned to benefit plants 

under abiotic stress. The absence of detrimental effects in plants or associated bacteria under the 

study conditions support ongoing investigation of F68 as an agricultural adjuvant to improve 

nutrient utilization and potentially repair / protect plant cell membranes damaged during abiotic 

stress. 

2. Materials and Methods 

2.1. F68 Properties 

Pluronic F68, purchased from Sigma-Aldrich, Missouri, MO. USA, consists of a hydrophobic 

polypropylene oxide (PPO) chain flanked by hydrophilic polyethylene oxide (PEO) chains with 

structure HO-[PEO]76-[PPO]29-[PEO]76-OH. The high hydrophilic : lipophilic balance (HLB) value of 

29 reduces the driving force for F68 micellization. Dynamic light scattering (DLS) (DynaPro Nanostar, 

Wyatt Technology, Santa Barabara, USA) was used to measure the hydrodynamic radius of F68 

unimers, micelles, and larger aggregates of 1 mM (8.4 g/L) F68 at 25 °C. F68 self-assembly and effect 

on water surface tension was assessed with a wire probe tensiometer (Kibron Inc, Helsinki, Finland) 
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using a range of F68 concentrations between 0 and 10 mg/L at 25 °C in double distilled water (ddH2O). 

For DLS 10 acquisitions per measurement with three separate measurements conducted. Three 

surface tension acquisitions were made per F68 concentration. 

2.2. Effect of F68 on Seed Water Uptake, Germination, Emergence, and Endophytes 

F68-treated seed water uptake, germination on Lysogeny Broth (LB) 2% agar plates, and 

emergence in wetted and fluffed sand was examined using seeds surface sterilized with 10% 

hydrogen peroxide (100 mL in a 250 mL beaker containing about 100 seeds) shaken at 120 RPM for 

10 min followed by extensive washing in sterile double distilled water. The seeds (five seeds per 

treatment with four replications) were treated with defined doses of F68 (0, 0.1, 1, 10, 100, 250 mg/mL) 

with 12 h immersion at room temperature before being transferred to LB agar plates or planting at 5 

mm depths in wetted and fluffed quartz sand [18,21]. Germination was noted as positive for seeds 

where the root grew to be as long as the seed by 48 h after transfer. Emergence of endophytic microbes 

around the germinating seeds was noted after 4 d incubation at room temperature under ambient 

lighting.  

2.3. Assessment of Drought Stress Responses in F68, GB, and F68+GB Wheat Seedlings 

Adjuvants effects on wheat drought stress responses were tested in seedlings grown for 14 d 

under sufficient watering followed by 7 d of water witholding followed by 7 d rehydration. 

Exogenous glycine betaine (GB) was examined in parallel to F68 as this osmolyte is produced by 

plants in response to abiotic stress such as drought. Plants were grown from surface-sterilized seeds 

inoculated with PcO6 by immersion in a suspension of 104 colony-forming units [CFU]/ml for 5 min 

and blotted dry before planting in sterile quartz sand wetted with half strength Hoaglands solution 

and fluffed with a sterile metal fork to create pore space in this growth matrixß. The sand was 

previously washed with reverse osmosis, sieved to remove particles below 125 µm and dried at 200 

°C. 

Nine seeds were planted per pot with six pots per treatment; the sand (300 g) had been wetted 

with 150 mL half-strength Hoaglands solution to provide complete mineral nutrition required for 

optimal plant health [18]. Glycine betaine (GB) (Sigma Aldrich) was investigated as a small molecule 

osmolyte with known benefit to plants under abiotic stress [22]. At day 14 prior to onset of drought 

four treatments were applied: 1) Hoaglands solution, 2) Hoaglands + F68 (8.9 mg/L = 1.7 mg F68 per 

kg sand), 3) Hoaglands + GB (61.3 mg/L = 11.5 mg GB per kg sand), 4) Hoaglands with F68 + GB. The 

concentrations were selected as correlating with field applications. An additional six pots that were 

not planted were treated with the same watering schedules to measure the loss of water due to 

evaporation only from the sand. White LED light 30 cm above the base of the botswere set to a 16 h 

on / 8 h off cycle, providing a photon flux of ~650 μmol/m2/s and corresponding temperature of 25 

°C at maximum shoot height at 22 d. Fans provided continous air circulation, and pot locations below 

the lamps were randomized daily. 

For the first 14 d, water was added daily to maintain the mass of each pot at 135 g above dry 

mass per pot. At day 14, the watering contained a second treatment of F68, GB or GB+F68 at the same 

doses as above /kg sand. However, to provide drought stress, the daily water at 14 d was reduced to 

20 g above the dry mass for half of the pots for each treatment. After 8 d of reduced watering, the 22 

d-stressed seedlings were rehydrated for 6 d by adding water daily to 135 g above dry mass per pot. 

Seedlings from both continuously watered growth and drought stress growth were harvested at 28 

d. The masses obtained daily for each pot enabled the calculation of water loss/pot due to evaporation 

from the sand plus loss due to plant transpiration. 

Photosynthetic competency in the seedling leaves was examined starting at 14 d by examining 

three leaves from each pot using a LI-COR LI-6800 portable photosynthesis instrument (LI-COR 

Biosciences) to measure quantum yield (ΦPsII ) and photosynthetic efficiency (Fv/Fm); instrument 

operating conditions are provided in Table S1. Leaves used to measure ΦPsII had at least 2 h of light 
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before sampling. Leaves used to assess Fv/Fm had been without light for 8 h. These measurements 

were made every two days from 14 d until the day before the final harvest at 28 d.  

To determine growth effects of the treatments, the leaves of the 28 d-old seedlings were cut 

above the coleoptiles and oven-dried at 60 °C for 48 h before weighing to determine tissue dry mass. 

To establish that neither the F68/GB treatments nor the drought period had eliminated PcO6-root 

surface colonization, excised root tip sections from seedlings from each treatment were transferred 

to LB 2% agar. The growth of orange-colored bacterial cells from the surface of the root was indicative 

of colonization by PcO6 [18].   

2.4. Fluorescent F68 (fF68)  

Bacterial and plant cells were treated with a 0.1 mM solution of F68 (0.84 mg/L) containing 5 

mol% fluorescein-labelled F68 (fF68). The fluorescein-labelled F68 (fF68) was prepared and handled 

according to the method of Kjar et al. [23]. 

2.4.1. Interaction of fF68 with Root Epidermal Cells and Root-Epiphytic Bacteria 

The effects of fF68 on root cells and root-epiphytic bacteria were examined using roots of 

germinated, surface-sterilized seeds grown for 7 d on LB 2% agar to confirm absence of any seed coat 

epiphytes after the surface sterilization. Roots were immersed in fF68 for 3 h, rinsed in sterile water, 

then transfered to a glass slide, and sealed with a cover-glass. The root cells and bacteria in these 

samples were imaged immediately with a Nikon Eclipse TE2000 epifluorescence microscope using a 

10 MPixel camera. Time-lapse events for single epidermal root cells were captured with 10x, 40x, and 

100x (NA 1.4) objective lenses and with camera integration times of 1 or 5 sec.     

2.4.2. Effect of F68 on JunSE1L : Fluorescent Labelling and Planktonic Growth  

Bacterial colonies growing from the spermosphere of surface-sterilized wheat seeds as they 

germinated on LB 2% agar were purified and a single isolate was selected to be studied for this paper. 

This sporulating, Gram-positive isolate, termed JunSE1L, was in the Bacillus genus, based on several 

characteristics including the Gram-positive staining of vegetative cells and sporulation (Wankhade 

et al. unpublished). The JunSE1L cells were grown for 18 h on LB and collected by centrifugation at 

10,000 g for 10 min. After washing and suspension in sterile distilled water, the cells were treated 

with fF68 (0.1 mM F68 + 5 mol% fF68) for 3 h. Cells were examined for fluorescence with and without 

two washes in sterile water using the instrumentation described in 2.4.1.     

To determine the sensitivity of JunSE1L to F68, the bacterial cells were cultured in a minimal 

medium broth [18] until the late-log phase. The cells were pelleted by centrifugation at 10,000 g for 

10 min and washed twice with sterile distilled water before suspension to OD 600nm = 0.5 (10⁷ 

CFU/ml). This inoculum (100 µl) was added to 100 mL minimal medium broth, without amendment 

or with additions of 5 or 10 g/L F68. Three cultures for each treatment were incubated at 24 °C with 

rotary shaking at 140 rpm and the OD600nm was measured at defined times of growth up to 55 h to 

reveal growth as changes in optical density. The study was repeated twice.  

2.5. Statistical Analyses 

The software SAS on Demand for Academics for MS Windows was used for analysis by ANOVA 

with Tukey’s HSD. The data for photosynthetic function measured with the LI-COR instrument 

involved a restricted maximum likelihood (REML) method along with ANOVA with Tukey’s HSD 

when a significance of p < 0.05, was revealed.  

3. Results 

3.1. F68 Characterization: Size and Surface Activity 
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DLS of 8.4 g/L F68 in water at 25 °C revealed ~5.4 nm diameter unimers and a range of larger 

sub-100 nm micelles and aggregates (Supplemental Figure S1), confirming the presence of nanosized 

F68 particles. F68 surface tension measurements in water at 25 °C (Supplemental Figure S2) revealed 

a sharp decrease from 72 mN/m for pure water to 55 mN/m at 0.01 g/L F68. For concentrations 

between 0.01 g/L to 10 g/L the surface tension decreased more gradually to 45 mN/m, but never 

transitioned to a lower surface tension plateau indicative of a critical micelle concentration (CMC). 

Using dye solubilization methods, Alexandridis et al. were likewise unable to determine a CMC for 

F68 below 40 °C [24], while Nakashima et al. reported a CMC of 100 g/L at 20 °C and 5 g/L at 50 °C 

[25].  

3.2. F68 Effects on Seed Water Uptake, Germination, Emergence, and Endophytes 

There was no effect of F68 at doses of 10 g/L and below on seed water uptake and germination; 

however, at 100 and 250 g/L water uptake and germination declined (Table 1), attributed to an 

osmotic imbalance between seed and F68 solution. Shoot emergence was not impeded by F68 seed 

priming for any of the investigated concentrations (Table 1). For all F68 seed priming levels 

endophyte emerged and grew as white, wrinkled colonies on LB 2% agar, consistent with Bacillus 

spp. (Supplemental Figure S3).  

Table 1. Effect of F68 treatments on wheat seeds for water uptake, germination, and emergence. 

Treatments 

12 h F68 (g/L) 

H2O imbibed 

per seed (g) 

% Germination 

@ 48 h on LB agar 

% Emergence @ 5 d 

planted in sand 

0 0.018 ± 0.002 80 ± 13 92 ± 6 

0.1 0.018 ± 0.002 85 ± 9 92 ± 6 

1 0.019 ± 0.002 80 ± 18 92 ± 6 

10 0.019 ± 0.002 80 ± 9 96 ± 6 

100 0.017 ± 0.001 47 ± 8 96 ± 6 

250 0.015 ± 0.001 57 ± 3 96 ± 6 

All data are means ± standard deviation for four experimental replicates each having 9 seeds. 

3.3. F68 Influence on Growth of PcO6 - Inoculated Wheat Seedlings Under Drought Stress 

Evapotranspiration (ET) trends for F68, GB, and F68+GB treated wheat during the 28 d growth 

period, with half the pots from each treatment droughted from days 14 to 21, then rehydrated from 

days 22 to 27 are shown in Figure 1. Also shown are the evaporation rates in plant-free growth pots 

(dotted black line), which remain relatively steady at ~1 mL/h throughout the study, indicating that 

factors directly influencing ET such as temperature, convective air currents, and RH, which were not 

tightly controlled, were either constant, or variations had a net neutral effect on evaporation.  

During the initial 14 day full watering period the ET values for all treatments increased steadily 

and were statistically indistinguishable up to day 9, when the F68 treated plants exhibited statistically 

higher (>20%) ET than other treatments and untreated controls. At day 16 the F68+GB treated plants 

caught up to the ET rates of the F68 only treated plants. The ET rates for these two treatments 

remained statistically higher than all other treatments until day 23. GB treatments alone did not 

increase ET in the continously watered cohort, but the primary benefit of this osmolyte is anticipated 

during abiotic stress, which was initiated at day 14 in half the plants. During the droughting (days 15 

– 21) and recovery (days 22 – 27) stages of the experiment ET values were statistically similar across 

all droughted plants receiving F68, GB, and F68+GB treatments and untreated droughted controls. 

Indeed, by day 27 all droughted plants across all treatments recovered with ET rates converging on 

the watered controls that never experienced drought. 
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Figure 1. Water loss from plants continually watered (W) or drought (D). All plant roots were colonized with 

the probiotic, PcO6, fertilized with half strength Hoaglands solution on days 0 and 14. After day 14 half the 

plants from each treatment were droughted and half continuously watered. After day 21 the drought-stressed 

plants were rehydrated for 6 days. F68, GB, and F68+GB treatments were added at day 0 and day 14. Evaporation 

from unplanted boxes is shown by the black dashed line. The data are means and standard deviations of three 

separate growth boxes each with nine plants per treatment. The statistics used to compare treatments on 

individual days were ANOVA with Tukey’s HSD for p < 0.05 (see text for discussion of statistics). 

Measurement of the quantum yield for photosystem II (ΦPsII) (Figure 2) showed reduced 

function by 4 d of drought stress that further decreased by 6 d of drought, with no observable benefits 

from any of the treatments in maintaining photosynthetic activity above untreated droughted 

controls. Rehydration returned values for all drought-stresed plants to those of the continuously 

watered plants (not shown), illustrating strong recovery in the photosynthetic function in 27 d 

seedlings. Fv/Fm (Supplemental Figure S4) demonstrated a similar pattern across all treatments and 

controls of decreased photosynthetic efficiency with drought followed by recovery on rehydration. 

 

Figure 2. Evaluation of photosynthetic efficiency at days 4 (A) and 6 (B) of drought (D) contrasted with 

sufficiently watered (W) plants receiving the same treatments. All plant roots were colonized with the probiotic 

PcO6. The data are means and standard errors from three separate growth boxes each with nine plants per 
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treatment. A restricted maximum likelihood (REML) method was used for statistical analysis using SAS. Values 

at day 0 of drought stress were used as baselines to address potential inherent variations without stress. 

At harvest, all the roots showed surface colonization by PcO6 upon transfer to LB agar (not 

shown), indicating survival of this bacterium as a colonist through a drought-stress period and 

exposure to F68 and GB. Shoot dry mass measurements (Figure 3) show two clear trends: First, 

drought stress significantly reduced shoot mass compared to watered controls across all treatments, 

aligned with the ΦPsII watered vs. droughted data in Figure 2; second, the continuously watered 

plants receiving F68 and F68+GB treatments had significantly higher dry mass than untreated and 

GB treated watered controls. Thus, exogenously applied GB did not provide any benefit to 

continuously watered or droughted plants, also suggesting the increased dry mass for F68+GB plants 

is due solely to F68. These shoot dry mass trends match the increased ET rates for F68 and F68+GB 

treated plants (Figure 1).  

 

Figure 3. F68 improves dry mass of leaf tissue for 28 d seedlings. The wheat plants were grown with continuous 

watering or with drought for 8 d followed by 6 d of rehydration. Plants were grown from PcO6-colonized seeds 

and all plant roots independent of treatment were colonized by this bacterium at harvest. The different letters 

above the bars show values with significant difference when analyzed using ANOVA with Tukey’s HSD 

adjustment, at p < 0.05. 

3.3.1. Root Epidermal Cell and Released Endophyte Labelling with fF68 

We have previously observed that wheat roots treated with fF68 and washed with water resulted 

in the fluorescent labelling of root hairs and some organelles. Here, after 3 h-exposure of 7 d-old 

wheat seedling roots to fF68, labeling of highly mobile intracellular endosomes within root epidermal 

cells was observed. (Figure 4A–C). This concentration of F68 in endosomes provides mechanistic 

insight into the uptake and transport of Pluronics in plant tissues. During the observation period the 

“dancing endosomes” remained confined to a given cell, thus potential transport of F68 to the 

vasculature and shoot tissues may occur through apoplastic movement.  
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Figure 4. Exposure of intact 7 d wheat seedling roots to fF68 for 3 h followed by rinsing reveals F68 

internalization and concentration in endosomes within the epidermal cells. The red arrows indicate two pairs of 

fF68-fluorescently labelled endosomes whose intracellular movement is seen in the time course of images. A 

(t=0), to B ( t=5 sec), and to C at t= 15 sec. 

When water washes from the roots of 7 d-old seedlings grown from surface-sterilized seeds were 

treated with fF68 for 3 h and examined using a fluorescent microscope, fluorescently-labelled 

bacterial cells (presumably endophytes) were observed (Figure 5). Some of these bacterial cells were 

paired or were connected in chains (Figure 5A) and others had branched “V” and “Y”-shaped 

structures (Figure 5B). Diploid, linear chained, and branched supramolecular structures have been 

observed for Bacillus subtills cells under different stresses [26].  

 

Figure 5. The bacteria in washes of intact root surfaces grown from surface-sterilized wheat seeds are fluorescent 

after exposure to fF68. Wheat seedlings for this assay were grown from surface-sterilized seeds for 7 d on LB 

agar before the roots were immersed for 3 h in fF68. The root tips were treated with sterile water to obtain the 

suspension used for imaging. At magnification (100x oil lens), the brightfield (A) and fluorescence (B) images 

reveal bacterial cells with different multicellular forms. 

3.3.2. The Response of Isolate JunSE1L to fF68 

The spermosphere microbes, growing on LB agar as a white mass around the germinating wheat 

seeds, as shown in the Supplemental Material Figure S3, were streaked on LB agar to obtain single 

colonies. One of the purified isolates, termed JunSE1L, had characteristics consistent with the isolate 

being within the genus Bacillus (Wankhade et al., unpublished). Cells of JunSE1L when grown 

planktonically in LB for 18 h and then exposed to fF68, were fluorescently labelled (Figure. 6A) with 

the fluorescence being stable to washing with water (Figure 6B). No fluorescence was observed for 

untreated JunSE1L cells or for cells treated with unlabelled F68 (images not shown). Some of these 

cells also had Y-shaped structures similar to those observed when cells associated with the surface of 
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young seedling roots were examined (Figure 5). The planktonic growth rate of JunSE1L in MM was 

not affected significantly by amendment with 5 g/L F68 as shown by the changes in OD600 nm from 24, 

32, 48, and 55 h in shake culture (Supplemental Figure S5). At a higher dose, 10 g/L, a significant 

decrease in OD600nm was observed early in growth but at stationary phase there was no significant 

decrease (p = 0.05). No spores were observed at any of these growth times either with or without 

treatment with F68. Thus, the cause for the lower optical density stationary phase cells does not relate 

to enhanced sporulation.  

 

Figure 6. Cells of the wheat seed-borne endophyte, Bacillus JunSE1L, become fluorescent after exposure to fF68 

for 3 h. Fluorescence before (A) and after (B) washing the cells with sterile distilled water. . 

4. Discussion 

From the water – drought – rehydrate cycle imposed on wheat over 28 d there is no observable 

effect of any treatments based on ET, shoot mass, or photosynthesis measurments. The absence of 

any beneficial F68 or GB effects for the droughted plants may indicate that the treatment 

concentrations, wheat cultivar (bred for drought tolerance), age of wheat (seedlings), presence of a 

root colonizing microbiome, and / or selected levels of drought / rehydration were not poised to 

reveal anticipated benefits from F68 (as a membrane repair agent) or GB (as a known plant protective 

osmolyte). F68 treatment did lead to increased ET and shoot mass for sufficiently watered plants, 

while not observably impacting the microbiome consisting of bacillus endophytes and PcO6 root 

colonizing epiphyte, supporting an agrochemical adjuvant role. 

Beneficial impacts of endophytes such as the JunSE1L seed endophyte and probiotic root 

colonizers like PcO6 may contribute to mitigation of abiotic stress, a finding already established with 

PcO6 for drought-stressed plants [27] and reported for other Bacillus sp. isolates [16,28,29]. F68 seed 

priming across a range of concentrations did not prevent plant emergence or endophyte release into 

the rhizosphere; however, F68 did slow the planktonic growth of the isolated JunSE1 seed endophyte, 

suggesting that this bacillus spp does not metabolize F68, an observation confirmed for PcO6 

previously [17]. The enhanced shoot mass following F68 rhizosphere delivery may involve a greater 

efficacy in N utilization [19,20,30], as suggested by the increased production of glutamate synthase 

for rice callus treated with F68 [31,32]. Thus, this work with seedlings indicates that F68 benefits plant 

survival during establishment when field-grown wheat is sensitive to drought. The mechanisms for 

F68 growth improvement require further investigation. 

The higher foliar mass associated with F68 treatment occurred without improvements in 

photosynthetic ΦPsII quantum yield or the photosynthetic efficiency (Fv/Fm ratio), both of which 

dropped significantly during drought. We speculated that the membrane protective effects of F68 

[3,5,33–35] would reduce the drought-induced membrane damage and accompanying losses in 

photosynthetic yield and efficiency. Although there was no demonstration of buffered 

photosynthesis functions, the declines in photosynthetic activity caused by drought were restored 

upon rehydration, again suggesting that drought tolerance was already at its maximum because of 
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the induced protection from PcO6 root colonization [27] and /or the protection offered by the seed 

endophytes. Bacillus spp. isolates associated with wheat are correlated with improved drought 

tolerance [16,28,29,36].    

Fluorescein conjugated F68 showed labelling of the perimeters of cells of the Gram-positive 

wheat seed endophyte, as was observed previously with the Gram-negative cells of PcO6 [17]. Thus, 

although the cell walls of Gram-positive cells differ from those of Gram-negative cells, both were 

similarly labelled with the membrane-inserting polymer, F68. Currently we do not know if F68 is 

internalized by the bacterial cells. Intracellular penetration was observed in the root epidermal cells 

as evinced by endosome labelling. It is possible that the nanosize of F68 unimers, about 5 nm, enabled 

its ready movement into and through the plant apoplast followed by intracellular trafficking through 

the plant cells’ aquaporins. Intracellular movement between plant cells would readily occur through 

the plasmodesmatal channels with the nanosized unimers. The term “dancing endosomes” was used 

by other researchers for these mobile endosomes, here labelled with fF68; these types of vesicles are 

proposed to carry cargo to and from the cell’s plasma membranes [37,38]. Our novel finding of when 

roots were exposed to fF68 also showed that the rapid mobility of endosomes was not inhibited by 

exposure to the Pluronic. The finding of fluorescence in both plant and bacterial cells upon exposure 

to fF68 suggests that this product could be used as a fast labelling technique that does not require 

genetic engineering of the cells with a gene encoding a fluorescent protein, such as the “green 

fluorescent protein” [39]. 

Further studies are needed to understand the mechanisms by which F68 could be beneficial in 

agricultural formulations. Examining wheat through grain filling is necessary to determine whether 

F68 becomes translocated into the seed (perhaps carried by the Bacillus endophyte). The existence of 

F68 as nanosized structures may improve soil transport and be integral for its cellular associations as 

revealed for plant and bacterial cells by use of the fluorescently-labeled product in these studies. The 

unimer form of F68, with an average hydrodynamic diameter near 5.4 nm, is anticipated to shift to 

micelles and larger aggregates with increasing concentrations[40]. These agglomerates may not travel 

as well in the apoplast or symplastically in the plant. However, the average size of the F68 particles 

and polydispersity are highly dependent on temperature and solvent properties because 

micellization is driven by hydrophobic interactions. Other Pluronics with greater hydrophobic 

content (i.e., lower hydrophilic to lipophilic balance, HLB) form micelles at much lower 

concentrations. If encapsulating, solubilizing, and delivering hydrophobic agrochemicals are the 

goals, then Pluronics with lower HLB and CMC values than F68 are recommended. Although the 

high HLB of F68 makes it a weak micelle forming Pluronic, this property contributes to its 

biocompatibilty observed in these studies, and its unique membrane-active properties [2].  

5. Conclusions 

The work in this paper shows the compatibility of Pluronic F68 at unimer concentrations with 

the growth of wheat as seedlings under watered conditions and drought stress. The beneficial effect 

of growth with F68 on shoot mass justifies further research examining the responses of wheat to F68 

through maturation to seed formation. The research suggests that the probiotic effects from bacterial 

microbiomes would be maintained with F68 whether the bacteria were seed-borne endophytes or 

added as a seed-coating. The use of fluorescently labelled F68 allowed visualization of living bacterial 

and plant cells without the need for genetic engineering with genes encoding a fluorescent label. 

These observations with both the plant and their bacterial colonists suggest further studies of the use 

of Pluronic F68 as an adjuvant for agricultural formulations are appropriate, with future work 

investigating foliar applications and exploring a wider range of application doses and timing to 

identify anticipated benefits against abiotic stress.  

6. Patents 

Not relevant. 
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Supplementary Materials: The following supporting information can be downloaded at the website of this 

paper posted on Preprints.org. Table S1: LI-6800 chamber environmental parameters for photosynthesis 

measurements. Figure S1: DLS of F68 solutions. Figure S2: F68 surface tension effects. Figure S3: Fv/Fm 

photosynthetic efficiency. Figure S4: Germination of surface-sterilized wheat seeds on LB 2% agar. Figure S5: 

Effect of F68 on planktonic growth of Bacillus sp. JunSE1L in minimal medium.  
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