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Abstract: Bacteriophages have been proposed as biological controllers to protect plants against
different bacterial pathogens. In this scenario, one of the main challenges is the low viability of phages
in plants and under adverse environmental conditions. This work explores the use of 12 compounds
and 14 different formulations to increase the viability of a phage mixture that demonstrated biocontrol
capacity against Pseudomonas syringae pv. actinidiae (Psa) in kiwi plants. The results showed that the
viability of the phage mixture decreases at 44 °C, at a pH lower than 4, and under UV radiation.
However, using excipients such as skim milk, casein, and glutamic acid can prevent the viability loss
of the phages under these conditions. Likewise, it was demonstrated that the use of these compounds
prolongs the presence of phages in kiwi plants from 48 h to at least 96 h. In addition, it was observed
that phages remained stable for seven weeks when stored in powder with skim milk, casein, or
sucrose after lyophilization and at 4 °C. Finally, the phages with glutamic acid, sucrose, or skim milk
maintained their antimicrobial activity against Psa on kiwi leaves and persisted within kiwi plants
when added through roots. This study contributes to overcoming the challenges associated with the
use of phages as biological controllers in agriculture.

Keywords: Pseudomonas syringae pv. actinidiae; lyophilization; Psa; biological control; phage formulation

1. Introduction

Lytic bacteriophages, as natural predators of bacteria, have been proposed as natural
antimicrobials to combat pathogenic bacteria in various contexts, including their use in
human health [1], food safety [2], aquaculture [3], and agriculture [4]. In all these cases,
there are numerous experimental examples demonstrating their effectiveness [5-9], but at
the same time, highlighting the challenges associated with the use of this technology in
each area [10-13].

Particularly in agriculture, there are reports on the experimental use of phages to combat
infections caused by various phytopathogenic bacteria such as Ralstonia solanacearum [14-17],
Xanthomonas arboricola pv. juglandis [18,19], Xanthomonas oryzae pv. oryzae [20], Agrobacterium
tumefaciens [21], and also against different pathovars of Pseudomonas syringae, such as
Pseudomonas syringae pv. syringae, Pseudomonas syringae pv. morsprunorum [22], Pseudomonas
syringae pv. porri [23], Pseudomonas syringae pv. tomato, and also Pseudomonas syringae
pv. actinidiae that infects kiwi plants [24]. In most cases, one of the major challenges has
been the short viability of phages under harsh environmental conditions [10,25-29]. In the
agricultural context, phages (and other biocontrollers) can be exposed for long periods to
solar radiation and other environmental factors that may inactivate them [25,30,31].
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Recent studies show that phages, like Medeal, offer a viable and environmentally
friendly alternative to chemical pesticides, significantly reducing bacterial speck symptoms
in tomatoes through root drenching and foliar spraying. This approach also activates plant
defense responses, but phage persistence remains challenging, as phages without excipients
often fail to maintain long-term efficacy in field conditions [32].

Numerous reports addressed the use of different types of compounds to increase the
viability of phages against adverse conditions [26,33,34] or improve their viability during
storage [33,35]. One of the most extensively evaluated compounds with positive results
is skim milk [30,34,36,37], but others, such as sucrose [30,38], glutamic acid [39,40] and
trehalose [14,41], have also been evaluated. However, it has also been observed that not all
phages respond similarly to the same compound [29,30,42], so it is necessary to evaluate
different formulations for each case.

Recently, our team reported the use of bacteriophages as biocontrollers against Pseu-
domonas syringae pv. actinidiae. The effectiveness of the phages was evaluated both in vitro
and in vivo in a greenhouse [24]. It was found that the phages used were rapidly inacti-
vated in the plant, as reported in other studies [30], and they could not be detected after 48
h. This background motivated us to evaluate the use of different compounds that could
increase the viability of phages under different environmental conditions.

This study evaluates the use of different formulations to increase the viability of
Pseudomonas syringae pv. actinidiae phages in vitro and in kiwi plants under adverse envi-
ronmental field conditions. Finally, the effect of different storage conditions was assessed
on the viability of this phage mixture. This study represents a step forward in position-
ing phages as a viable and effective alternative for controlling phytopathogenic bacteria
in agriculture.

2. Materials and Methods
2.1. Bacteria, Phages and Cultures

The bacterial strain Pseudomonas syringae pv. actinidiae 889 (Psa 889) used in this study
has been previously characterized [43]. The phages CHF1, CHF7, CHF19, and CHF21
used in this study were also previously characterized [24]. All the assays were performed
with a mixture of the different phages in equal proportion. The bacteria were grown in
an LB medium (0.5% NaCl, 1% tryptone, and 0.5% yeast extract); the solid medium was
supplemented with 1.5% agar. The phages were propagated as described previously [24],
and the concentration of phages was determined by the double-agar assay [44]. Briefly,
100 pL of an early exponential bacterial culture was added to 3 mL of soft agar (LB, 0.6%
agar). After gentle mixing, the culture was poured onto LB-agar plates to form a bacterial
top-agar layer, left to solidify at room temperature, and incubated at 25 °C for 24 h.

2.2. Viability of Phages in Different Excipients

Based on a bibliographic search and their availability, 12 compounds were selected
to evaluate their protective effect on phages because they have been used in other studies
as excipients with phages, proteins, or other types of controllers. The list of the different
excipients evaluated with the corresponding concentration and reference is presented in
Table 1. The impact of these compounds on the viability of a phage mixture was evaluated
using 10 pL of mix (with an initial concentration of 1 x 10° PFU/mL) diluted in 990 uL
of each excipient. The mixture was incubated at 25 °C for 24 h. After this period, the
double-layer agar technique was used to determine the phage concentration of each case.
All assays were performed in triplicates, and phages diluted in distilled water were used as
a control.
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Table 1. List of excipients selected to evaluate their protective effect on phages under adverse
environmental conditions.

Excipient Concentration Reference
Polyethylene glycol (PEG 600) 5% (w/v) [41,45]
Glutamic acid 5% (w/v) [39]
Skim milk 5% (w/v) [42]
Casein 2% (w/v) [23]
Gelatin 0.5% (w/v) [39,45]
para-aminobenzoic acid (PABA) 0.1% (w/v) [31]
Glycerol 50-30% (w/v) [46]
Polyvinylpyrrolidone (PVP) 0.5M [41]
Ethylenediaminetetraacetic acid (EDTA) 1-10 mM [47]
Mannitol 05M [41,45]
Sucrose 0.1M [41,42,45]
Trehalose 0.1M [41]

2.3. Viability of Phages under Different Environmental Conditions and Protective Effect of
Different Excipients
Three conditions—temperature, pH, and UV radiation—were evaluated to determine
the viability of phages under different environmental conditions and the protective effect
of the different excipients. All assays were conducted in triplicate unless otherwise stated.
Temperature: For the temperature assays, phages diluted in the corresponding excipi-
ent solution (~1 x 107 PFU/mL) were incubated for 1 h at the corresponding temperatures.
After this period, the phage titers were assessed using the double-layer agar technique.
pH: For the pH assays, 100 puL of phages diluted in the corresponding excipient
solution (~1 x 107 PFU/mL) were combined with 900 uL of sterile distilled water adjusted
to the corresponding pH. The mixtures were incubated at 25 °C and the corresponding pH
for 1 h. Subsequently, each mix was titrated using the double-layer agar spot technique.
UV Radiation: To evaluate the effect of UV radiation, phages diluted in the corre-
sponding excipient solution (~1 x 107 PFU/mL) were placed into the wells of a 12-well
plate and exposed to UVC radiation for 0, 15, 30, and 60 min. (1 min. is equivalent to
120 J*m~2) in a laminar flow hood biosafety level 2 (BIOBASE Model 11231BBC86 MSC
Class IT) with a germicidal lamp that has a flux of 2.0 J*m~25~!. Afterward, the phage titers
for each time condition were determined using the double-layer agar spot technique.

2.4. Viability of Phages on Kiwi Plants under Field Conditions

These assays were conducted on kiwi vineyards (Actinidia chinensis var. deliciosa
“Hayward”) located at the Experimental Station La Palma, which belongs to the Escuela de
Agronomia, Pontificia Universidad Catodlica de Valparaiso, La Palma, Quillota, Chile. Four
plants per treatment and five branches per plant were randomly selected and marked for
phage application. A total of 1 L of phages (~1 x 107 PFU/mL) diluted in the corresponding
excipients was manually sprayed in the corresponding branches, using approximately
30 mL per branch (seven leaves per branch). The experiments were conducted for two
consecutive weeks to evaluate the different formulations. In the first week, 5% glutamic acid,
0.1 M trehalose, 5% skim milk, and a mixture of them were evaluated. In the second week,
2% hydrolyzed casein, 0.5 M sucrose, 0.5% gelatin, and 0.5 M mannitol were evaluated.
Each time, a control was included with phages diluted in water. These trials were conducted
in January during the summer in the southern hemisphere.

To evaluate the presence of phages in the treated kiwi plants, five leaves were collected
from each marked branch one hour post-application and every 24 h for five days (96 h).
The five leaves from each plant were placed in a zip-lock plastic bag, weighed, and 10 mL
of 10 mM MgSO, buffer was added to each bag. The leaves were carefully washed with
the buffer, and 5 mL from each bag was collected and filtered through 0.22 pm filters.
Then, phage concentration was determined using the double-layer agar spot technique.
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During the assays, several leaves were collected from plants that did not receive treatment
to discard the presence of native phages on those kiwi plants.

2.5. Evaluation of Different Storage Conditions

The viability of phages diluted in the different excipient solutions (1 x 10 PFU/mL)
under different storage conditions was evaluated in both solid and liquid conditions.
The solid matrix of phages (powder) was obtained by lyophilization at the Curauma
Biotechnology Center (NBC) of the Pontificia Universidad Catdlica de Valparaiso. Briefly,
1 mL of the corresponding formulation was added to 1.5 mL tubes and stabilized for 1 h at
4 °C. Subsequently, the samples were treated with liquid nitrogen and incubated for 1 h at
—80 °C. Later, the first lyophilization cycle was carried out at —20 °C for 24 h in a pressure
chamber of 100 mTorr. Then, the second cycle continued, maintaining the vacuum while
the temperature was gradually increased over 10 h to 25 °C. Afterward, the samples were
kept at 25 °C for 6 h until the pressure stabilized [48]. Immediately after lyophilization, the
titer of the phages in the resulting solid matrices was determined and compared with the
untreated phages. Both liquid (untreated) and solid formulations of phages were stored at
4 °C and 25 °C to monitor their viability over 7 weeks. Measurements were taken at weeks
0,1, and then every 2 weeks until the end of the experiment. All assays were performed
in triplicate.

2.6. Effectiveness of Phages with Different Excipients in Kiwifruit Leaf Discs

The efficacy of a phage mixture in various excipients against Psa 889 was evaluated
using a leaf disc assay with modifications [24,49]. The discs were obtained from healthy
kiwi plant (Actinidia deliciosa var. Hayward) leaves. Four excipients were selected for this
assay: 5% glutamic acid, 5% skim milk, 0.5 M sucrose, and water. Each excipient contained
the phage mixture at a titer of 1 x 10 PFU/mL.

Leaves disinfection: Each leaf was disinfected with 75% ethanol for 3 min, followed by
immersion in 1% sodium hypochlorite for 5 min. Subsequently, the leaves were washed five
times with sterile distilled water and then once with a solution of cycloheximide (50 mg/L)
for 3 min. After washing, the leaves were dried in a biosafety cabinet before cutting them
into 1 x 1 cm discs. The discs were exposed to UV-C radiation for 5 min on each side.
They were then placed individually in the wells of 6-well plates containing 2 mL of a
sterile distilled water solution supplemented with cycloheximide (50 mg/L). Despite the
disinfection, bacteria with different colony morphology were detected in the assay; the Psa
colonies were confirmed by their morphology and by specific PCR [50].

Discs Assay: For each disc, a triplicate of Psa 889 was applied at a final concentration
of 1 x 107 CFU/mL. Each excipient was then separately applied, adjusting the titer to
1 x 108 PFU/mL (MOI = 10). The discs were incubated at 25 °C. Bacterial load and phage
concentration were determined at 24- and 48-h post-treatment, using different sets of plates
for each time point. The assay was performed in triplicates.

2.7. Artificial Inoculation of Phages and Detection inside of Kiwi Plants

This assay aimed to evaluate the ability of phages to enter plant tissue and determine
if the excipients enhance their viability within the plant. For this purpose, 45-day-old kiwi
seedlings (Actinidia deliciosa var. Hayward) were used. Four excipients were tested: 5%
glutamic acid, 5% skim milk, 0.5 M sucrose, and water. Each excipient contained the phage
mixture at a final total concentration of 1 x 108 PFU/mL.

To detect the phages within the kiwi plants, we first inoculated the phages in the plant
roots [51]. To facilitate phage entry into the plant, artificial wounds were made in the main
roots. Subsequently, 30 mL of each phage formulation was added directly to the soil around
the roots, and the process was repeated every 12 h. The plants were maintained in a growth
chamber with a 16 h light and 8 h dark cycle and 63% relative humidity. The experimental
design included 15 plants, with 3 plants per treatment. The presence of phages in kiwi
plants was determined directly from leaves and with enrichment using the host bacteria.
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Briefly, leaves were collected at 6, 24, and 48 h and then cut and incubated in 2 mL of 10 mM
MgSQOy buffer at room temperature for 30 min. Then, the presence of phages was evaluated
in the buffer using the double-layer agar assay, presenting the results as PFU/g of the leaf.
For enrichment, 30 mL of fresh LB medium and 1 mL of Psa 889 (1 x 108 CFU/mL) were
added to the leaf samples. The enrichment was incubated for 12 h and then centrifuged and
filtered for phage detection using the double-layer agar assay. The results were presented as
the presence or absence of phages in the corresponding plant. Three plants were evaluated
for each formulation.

2.8. Statistical Analysis

Statistical significance was determined using a two-way analysis of variance (ANOVA)
(p < 0.05) with GraphPad Prism V.10.2.3. Only statistically significant differences are noted in
the different figures. All experiments were performed in triplicate unless otherwise stated.

3. Results
3.1. Viability of Phages under Different Environmental Conditions

In a previous study, our team reported the effectiveness of a mixture of phages (CHFI,
CHF7, CHF19, and CHF21) in combating infections caused by Pseudomonas syringae pv.
actinidiae [24]. In the same study, it was observed that the phage mixture had very low viabil-
ity on kiwi plants (48 h or less). Considering this background, our first approach consisted
of evaluating the effect of environmental conditions on the viability of the phage mixture.

The results showed that the phages remained stable within a temperature range of
4 °C to 37 °C for one hour. However, at 44 °C, their viability decreased by more than 6 times
(Figure 1A). Higher temperatures were not evaluated, as it would be highly unlikely for
phages to be exposed to temperatures exceeding 44 °C within a kiwi cultivation context.
On the other hand, when evaluating the effect of pH, it was observed that the phage
mixture remained stable in a pH range from 5 to 9, indicating resistance to basic conditions
(Figure 1B). Conversely, the phage titer was reduced nearly 50 times at pH 4, and at pH 3,
they were not detected (detection limit = 100 PFU/mL) (Figure 1B), suggesting that acidic
conditions significantly affect the viability of the phage mixture.

Finally, the stability of the phages under UV radiation was also evaluated. After
one hour, the titer of the mixture decreased rapidly from 2.7 x 107 PFU/mL to 2.5 x 10?
(Figure 1C). These results indicate that the viability of the phage mixture is primarily
affected by high temperatures, acidic conditions, and exposure to UV radiation.

B C

1089 5, 4 108 a a a a a 10°-

1074 = b 1074 =1 = 1074

106 ] 1064 b 106

105 - 105+ < 105

E E

1044 E 104 E 1044
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Figure 1. Viability of phages at different temperatures, pH, and UV radiation. The phage mixture in
distilled water was incubated under different environmental conditions. (A) The concentration of



Viruses 2024, 16, 1430

6 of 16

phages after 1 h incubation in distilled water at the corresponding temperature. (B) The concentration
of phages after 1 h incubation in distilled water was adjusted at the corresponding pH at 25 °C.
(C) The concentration of phages after incubation in distilled water under UV radiation in a laminar
flow hood for 0, 15, 30, or 60 min at 25 °C. The experiments were performed in triplicate, and the
standard deviation bars are shown. Statistical analysis was performed using a 2-way ANOVA. The
different letters in the bars indicate statistical differences (p < 0.0001).

3.2. Viability of Phages Suspended with Different Excipients under Different
Environmental Conditions

To enhance the resistance of the phage mixture against the evaluated environmental
conditions, a bibliographic search was conducted for various compounds acting as excipi-
ents that could increase phage viability. From this search, 14 formulations (12 excipients)
were selected for evaluation (Table 1). Initially, the effect of these compounds on the phage
mixture viability was assessed, revealing that some of them alone could decrease phage
viability (Figure S1). For instance, it was observed that the phage mixture dissolved in 0.5 M
PVP or 1% PABA was completely inactivated, while compounds such as EDTA (1 mM and
10 mM), PEG 6000 (5%), or glycerol (30% and 50%) also reduced the concentration of the
phage mixture by 1 to 4 orders of magnitude (Figure S1). This analysis enabled the selection
of the different formulations for the following assays, which included 0.5% gelatine, 0.5 M
sucrose, 0.5 M mannitol, 2% casein, 5% skim milk, 0.1 M trehalose, and 5% glutamic acid.
Only the environmental conditions that negatively affected the viability of phages were
used to evaluate the protective effect of the different selected compounds.

When assessing the protective effect of the different selected compounds on phage
viability exposed to various temperatures for one hour, it was observed that 5% skim milk,
2% casein, 0.5 M mannitol, 0.5 M sucrose, and 5% glutamic acid were able to maintain
phage viability at 44 °C (Figure 2A). However, with 0.1 M trehalose at that temperature, a
2.79-fold reduction in phage concentration was observed compared to the concentration at
25 °C. With 0.5% gelatin, a 2.5-fold reduction in the concentration of the phage mixture at
44 °C was also observed, although this difference was not statistically significant.

Regarding pH, only 5% skim milk, 2% casein, and 5% glutamic acid exhibited a
protective effect on phages at pH 3, although in the latter case, a 2.1-fold reduction was
observed compared to the phage concentration observed at pH 7 (Figure 2B). All the
compounds showed a protective effect at pH 4, although in some cases, a reduction in
concentration was also observed compared to what was observed at neutral pH. In the case
of 0.1 M trehalose, no phages were detected at pH 4 or 3 (detection limit 100 PFU/mL),
indicating poorer performance than observed with phages resuspended only in water
(Figure 2B).

Finally, when evaluating the protective effect of the different compounds when ex-
posing the phage mixture to UV radiation, it was observed that only 2% casein and 5%
skim milk presented a protective effect compared to phage viability when dissolved in
water. After 60 min of exposure to UV radiation, phages with 2% casein and 5% skim milk
maintained a phage concentration in the order of 10° PFU/mL, while phages dissolved
in water only maintained a concentration in the order of 10, resulting in a reduction of
5 orders of magnitude in that period (Figure 2C). However, no differences were observed
between the rest of the compounds and the water control. These results showed that some
compounds, such as 5% skim milk, 2% casein, and, in some cases, 5% glutamic acid, can
protect the phage mixture against adverse environmental conditions.
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Figure 2. Viability of phages in different excipients under different environmental conditions. The
mix of phages in the different excipients was incubated under different environmental conditions of
temperature (A), pH (B), and exposition to UV radiation (C). The experiments were performed in
triplicate, and the standard deviation is shown. The detection limit of the assay was 100 PFU/mL.
Error bars represent the standard deviation. Statistical analysis was performed using a 2-way ANOVA.
Symbols denote significant differences (*: p < 0.05; **: p < 0.01; ***: p < 0.001; ****: p < 0.0001).

3.3. Viability of Phages on Kiwi Plant Surface under Field Conditions

After evaluating the protective effect of the different compounds in vitro, the formu-
lations were evaluated in vivo in kiwifruit orchards. In this case, the mixture of phages
dissolved in water was only detected up to 48 h after inoculation and at a concentration near
five orders of magnitude lower than the initial concentration of phages used (Figure 3A).
On the other hand, among all the formulations evaluated, except for 0.5 M mannitol, phages
were detected up to 96 h after starting the assay. The greatest protective effect was observed
with 2% casein, followed by the formulation containing a mixture of 0.1 M trehalose + 5%
glutamic acid + 5% skim milk. A protective effect was also observed with 5% skim milk
alone or 5% glutamic acid alone, although it was less pronounced than in the previous cases.
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The lowest protective effect was observed with 0.5 M mannitol, where phages were not
detected at any time during the experiment. The titer of phages with the formulations with
0.1 M trehalose alone or 0.5% gelatin decreased steadily until reaching the lowest levels
at the end of the experiment (Figure 3A). The formulation with 0.5 M sucrose presented a
protective effect comparable to that of skim milk and glutamic acid during the first 48 h of
the assay but then decreased rapidly. Furthermore, it was observed in this case that the
application of this compound attracted insects to the plants (Figure S2).

A

@ Water
_EI Skim Milk 5%
S Gelatin 0.5%
& Casein 2%
-6~ Mannitol 0.5 M
@ Sucrose 0.5 M
I Trehalose 0.1 M
A- Glutamic Acid 5%
100 T 7 A v T T T T T 1
0 1 2 20 40 60 80 100
hours
1 O 6 —
1054 T
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o 10 T
~
2 10
o
102+
100

1 I 1 1 1 1 1 1
P S g¥ S SN e
) Q
NG 2
& © &

Figure 3. Viability of phages with the different excipients in kiwi plants. (A) The concentration of
phages with the different excipients recovered from kiwi leaves at the corresponding time. Samples
were collected throughout the experiment, and the points where no phage was detected were not
plotted. The experiment detection point was 100 PFU/mL. (B) Concentration of phages per gram of
leaf 96 h post-application with the different excipients. Phages were applied manually by aspersion
with four replicates per treatment. Kiwi plants that did not receive treatment were used as controls to
discard the presence of native phages. The error bars represent the standard deviation.

At the end of the trial, the highest concentrations of phages were found with the
formulations of 2% casein, the mixture of trehalose + glutamic acid + sucrose, glutamic
acid, and skim milk, with phage concentrations per gram of kiwi leaf of 7 x 10* PFU/g,
1.2 x 10* PFU/g, 4.5 x 10° PFU/g, and 2.8 x 10% PFU/g, respectively (Figure 3B). These
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results indicate that some of the evaluated formulations effectively allow the presence of
the phage mixture to be extended on kiwi plants under real production conditions.

3.4. Evaluation of Different Storage Conditions

Finally, in this study, we aimed to evaluate different storage conditions for this phage
mixture, considering the various formulations used. To achieve this, the different phage
formulations were processed by a freeze-drying treatment, wherein we observed its impact
on the viability of the phages. In all cases, a reduction in the concentration of phages was
noted compared to the concentration before treatment (Figure 4). However, in the case of
the control with water and in the formulations containing 5% skim milk or 5% glutamic
acid, the decrease in the concentration of the phage mixture was not significant. On the
other hand, a significant decrease in phage concentration was observed for 0.5% gelatin,
2% casein, 0.5 M sucrose, 0.1 M trehalose, and 0.5 M mannitol, with a reduction of 6 orders
of magnitude in the last case.

ns ns * % * % * % kK % %k %k K * ns
1010-
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= 1064
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Figure 4. Impact of the lyophilization process on the viability of phages with the different excipients.
The concentration of phages lyophilized and non-lyophilized with the different excipients was
determined. The detection limit of the technique was 100 PFU/mL. The experiments were performed
in triplicate, and the standard deviation is shown. Error bars represent the standard deviation.
Statistical analysis was performed using a 2-way ANOVA. Symbols denote significant differences (ns:
not significant; *: p < 0.05; **: p < 0.01; ***: p < 0.001; ****: p < 0.0001).

After lyophilization, the stability of various phage formulations over time was evalu-
ated by comparing storage in liquid or solid form as a powder at 4 °C and 25 °C. The results
indicate that in the case of the water control, phages rapidly lost viability when incubated
at 25 °C, becoming undetectable after one week when stored in powder form and after five
weeks when stored in liquid form. When stored at 4 °C, phages were detected throughout
the assay, but their viability decreased over time, with a more pronounced drop observed
in phages stored in powder form.

Regarding the different formulations evaluated, the phages were detected throughout
the entire experiment, except in the case of phages stored at 25 °C in powder with mannitol
or sucrose that were not detected beyond the fifth week (Figure S3E,F). With the excipients
casein, mannitol, and sucrose, a clear trend was observed, suggesting that powder storage
would provide greater stability to the phage mixture throughout the experiment, with 4 °C
being the optimal storage temperature (Figure S3D-F). Phages tended to be less stable in
liquid, especially at 25 °C.

With other formulations, such as skim milk or glutamic acid, variability was observed
in the stability of the phage mixture stored under different conditions throughout the exper-
iment. However, at the end of the test, it was again observed that the phages maintained
their viability to a greater extent when stored in powder at 4 °C (Figure S3B,H). Finally,
when using trehalose, it was observed that in most of the points evaluated, greater viability
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of the phages stored in powder was observed compared to those stored in liquid, although
high variability was also seen throughout the assay (Figure S3G), which was also observed
when using gelatin as an excipient (Figure S3C).

When analyzing the proportion of viable phages that persist at the end of the experi-
ment in each condition, it was observed that in the majority of the formulations evaluated
(six of seven), the viability of the phages remained viable in a proportion close to 100%
when stored at 4 °C in powder (Figure 5), which contrasts with the control phage mixture
whose highest viability occurred at 4 °C in liquid. On the other hand, the lower stability
was mainly associated with the storage of phages in liquid at 25 °C. All these results showed
that some of the excipients used provided greater stability to the phage mixture over time.
Likewise, the results suggest that the best way to store phages together with excipients
would be at 4 °C in powder form.
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3 Skim Milk 5% I Casein 2% = Sucrose 0.5 M O Glutamic Acid 5%
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Figure 5. Viability of phages stored under different conditions after seven weeks. Phages were stored
in liquid and solid conditions as a powder (lyophilized) at 4 °C and 25 °C for seven weeks with the
different excipients evaluated. The titer of phages was normalized as a percentage of the initial titer.
A segmented line represents 100%. Assays were performed in triplicate; error bars represent the
standard deviation.

3.5. Effectiveness of Phages with Different Excipients to Control Psa and Persistence in Kiwi Plants

To evaluate whether the phages with the different excipients maintain their biocontrol
activity against Psa 889, an in vitro assay was conducted using kiwifruit leaf discs. For
this assay, skim milk, sucrose, and glutamic acid were selected as excipients based on their
performance and the cost-effectiveness of a potential future industrial product. The results
showed that at 24 h post-infection, only phages with 0.5 M sucrose reduced the load of Psa
relative to the bacterial load in the control condition without phages. At 48 h post-infection,
phages in water or with 5% skim milk or 5% glutamic acid reduced the Psa bacterial load
by 79%, 95.7%, and 76.3%, respectively, relative to the control without phages (Figure S5).
Despite the trend observed, no statistically significant differences were observed between
the conditions, and a more robust analysis is needed to assess the effectiveness of the
different formulations. In terms of phages, they were detected throughout the experiment
in all conditions except the control without phages (Table S1).

The persistence of the phages under endophytic conditions in kiwi plants was also
evaluated. Following the initial inoculation of phages with the selected excipient in kiwi
plant roots, the phages were detected and quantified in the leaves. At 6 h post-inoculation,
no phages were detected, but at 24 h, 5.56 x 10* PFU/g were detected with 5% skim
milk, 2.08 x 10* PFU/g with 0.5 M sucrose, and 1.79 x 103 PFU/g with 5% glutamic
acid, while at 48 h, phages were detected only with 0.5 M sucrose and 5% glutamic acid
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(3.15 x 10 PFU/g and 4.10 x 10* PFU/g, respectively) (Figure 6A). These results suggest
that phages could spread within the kiwi plants when applied directly to the soil roots.
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Figure 6. Persistence of phages with different excipients in kiwi plants. (A) Quantification of phages
from kiwi plant leaves after inoculation in soil roots with the corresponding excipients. The detection
limit of this assay was 200 PFU/g. (B) Detection of phages with enrichment with Psa 889 in kiwi plants
after inoculation in soil roots. All experiments were performed in triplicate. Error bars represent the
standard deviation. Statistical differences are presented (*: p < 0.05).

To evaluate whether phages were present under conditions where they cannot be
quantified, that is, at concentrations below our detection limit (200 PFU/g), an enrichment
approach with the host bacteria was used. In this case, at 6 h post-inoculation, phages with
5% skim milk or 0.5 M sucrose were present in 66% of plants tested and in just one plant
when 5% glutamic acid was used as an excipient. At 24 h, phages were found in all plants
with all the conditions evaluated, including phages with just water (Figure 6B). Finally, at
48 h, the phages were found in 100% of plants when combined with 5% skim milk, 0.5 M
sucrose, or 5% glutamic acid. These results suggest that phages can spread through the
kiwi plants, and the use of excipients can increase their persistence in the plant, as occurs
on the leaf surface.

4. Discussion

This study shows the effect of different environmental conditions on a mixture of
phages against Pseudomonas syringae pv. actinidige. The results show that phages are
sensitive to temperatures above 37 °C, pH below 5, and exposure to UV radiation. When
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evaluating different chemical compounds as excipients, it was observed that several of
them can protect phages from these adverse environmental conditions, where casein, skim
milk, and glutamic acid stand out. Likewise, it was shown that these formulations can help
to extend the viability of phages on kiwi plants for up to 96 h. Finally, the best storage
conditions for this phage mixture were also evaluated, determining that the conditions
that provided greater stability over time corresponded to storage at 4 °C in powder form
(Table S2).

Several studies have evaluated the use of different compounds to protect phages
from adverse environmental conditions and during long storage periods. Compounds
such as skim milk, sucrose, and casein, among others, have been studied with varying
degrees of success [30,34,46,47,52]. This study evaluated 14 formulations (12 excipients),
with disparate results being observed. Some compounds, such as skim milk, proved to
be effective in increasing the viability of phages, which has also been observed in other
studies [29,30,36]. On the contrary, compounds such as PVP reduced phage viability, which
was also reported before [41]. On the other hand, excipients like sucrose showed good
results in some of our assays, and other studies have shown no protective effect [48].
The discrepancy in relation to the protective effect of some compounds between different
studies suggests that different phages do not respond in the same way to these treatments
and excipients. In fact, Jo et al. [29] showed that compounds such as polysorbate 80 have
different efficiencies protecting different phages from UV radiation [29], and similar results
were observed by us in other studies [30,42]. This reinforces the need to carry out this type
of study with phages or mixtures of phages that have potential as biocontrollers.

Several authors have reported that plants present an adverse environment for phages,
and their viability is affected by numerous factors, such as pH, temperature fluctuations,
and UV radiation [30,34]. Previous studies on this same phage mixture have reported
their persistence in kiwi plants for up to 48 h [24]. Our findings revealed that phages
indeed persist on kiwi plant leaves for only 48 h when applied with water alone; however,
when different excipients were used, their presence on the plant surface extended for up
to 96 h. Due to logistical constraints in accessing kiwi orchards, this trial could not be
extended any further, so it cannot be conclusively stated if phages can persist in the plant
for longer durations. Nevertheless, this persistence period in the plant would allow for
weekly phage application schedules, aligning closely with the application schedules of
other agricultural products.

It is widely known that phage viability can decrease over time, and that is why
different storage methods have been evaluated. The storage of phages at —80 °C, with or
without excipients, has proven to be very efficient for long periods [33], but this approach
is impractical for application in products for agricultural use. On the other hand, numerous
authors have shown that processes such as lyophilization can be useful to extend phage
viability over time [33,35,53]. However, this procedure can be very aggressive and tends
to reduce the concentration of the treated phages by around two orders of magnitude,
but they are then able to remain stable for up to more than one year [14,41,45]. Likewise,
different compounds have been evaluated, such as skim milk, gelatin, sucrose, or trehalose
that help in protecting phages during the lyophilization process [35,41,42,45]. We verified
that the freeze-drying process effectively reduced phage viability by at least one order
of magnitude. In the present case, the best results were observed with skim milk and
glutamic acid, although those results were not comparatively better than those obtained
with the water control. Interestingly, some compounds, such as mannitol and trehalose,
resulted in an even greater reduction of up to six orders of magnitude in the concentration
of the phage mixture (Figure 4). In the case of trehalose, it was also observed that phages
showed variation in their viability during storage at different conditions (Figure S3G). It
has been reported that the lyophilized powder with trehalose tends to form crystals that
affect the stability of the phages [54,55]. This could explain the poor results obtained with
this compound, and something similar could occur with other excipients.
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According to our results, the optimal condition for storing phages would be at 4 °C in
lyophilized powder format, using skim milk, casein, mannitol, sucrose, or even glutamic
acid as excipients. However, it is important to consider the loss of viability that phages
undergo during the freeze-drying process. Since the viability analysis of the phage mixture
over time was conducted immediately after the freeze-drying process, the final concen-
trations of the phage mixtures stored under each condition can be compared, taking into
account the reduction in phage concentration due to freeze-drying (Figure S4). Notably,
formulations containing skim milk, casein, or glutamic acid showed compensatory effects,
where the loss in phage viability resulting from lyophilization was offset by the greater
stability achieved by storing the phages in powder format with the excipient. Therefore,
utilizing phage stocks with higher concentrations could lead to powder formulations with
increased stability over time.

Our results showed that phages with 5% glutamic acid or 5% skim milk maintain
antimicrobial activity against Psa in kiwi leaves; however, a more robust analysis is needed
to assess the effectiveness of the different formulations (Figure S5). In this regard, it has
been described that disaccharides like sucrose and amorphous polymers found in milk
increase the structural viability of phages by replacing and stabilizing their interaction
with the surrounding water, which translates to increased phage longevity [45,53,56,57].
However, excipients such as casein and skim milk, while potentially stabilizing for certain
bacteriophages, might negatively affect the phage’s ability to infect its host [58,59]. On
the other hand, some excipients, such as skim milk, sucrose, or even glutamic acid, may
serve as energy and carbon sources for Psa [43], contrasting with the biocontrol activity of
phages. This complex scenario of interactions could explain the high variability observed
in the assays with leaf discs and advocates for further analysis that conducts a more precise
formulation of phages. Nonetheless, the findings of this study suggest that excipients are
crucial for phages to endure harsh environmental conditions.

The detection of phages in kiwi plants after inoculation in soil roots strongly suggests
that phages can be transported from the root to aerial parts of the plant through the vascular
system, as has been described by other authors [51,60,61]. This is further supported by
findings that phage application through root drenching significantly reduced 2.5-fold
Pseudomonas syringae pv. tomato symptoms in tomato plants, although foliar spraying
proved to be more effective. This reinforces the idea that administering phages through
irrigation systems can be a good alternative for agriculture [32]. Our results also suggest
that excipients increase the persistence of phages inside the plants, offering probably
systemic protection against pathogens. However, we have not evaluated biocontrol activity
in these assays since plants were not infected with Psa. Therefore, further studies should
focus on addressing the biocontrol activity of formulations with selected excipients and
evaluating the systemic protection that these phages can offer [51,61].

This study contributes to the development of new formulations based on bacterio-
phages for use in agriculture. Further studies are needed to evaluate the effectiveness of
selected formulations under field conditions and to evaluate different storage processes,
such as spray drying [33,35,42].

5. Conclusions

The results presented in this study demonstrate that the use of different compounds
can enhance the viability of a phage mixture against Pseudomonas syringae pv. actinidiae
under adverse environmental conditions, as well as on kiwi plants. However, while the
freeze-drying process may impact the viability of the phages, the incorporation of skim
milk, casein, or glutamic acid contributes to their stability over time when stored in powder
form at 4 °C. On the other hand, the phages with compounds such as skim milk, sucrose,
or glutamic acid maintain antimicrobial activity against Psa on kiwi leaves and persist
within kiwi plants after addition through soil root. Considering all the results obtained,
it is estimated that a formulation containing skim milk, casein, sucrose, or glutamic acid
would be most appropriate for composing a formulation with these phages.
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Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/v16091430/s1, Figure S1. Effect of different excipients on the
viability of phages; Figure S2. Application of phages with 0.5 M sucrose to kiwi plants; Figure S3.
Viability of phages stored under different conditions; Figure S4. Concentration of phages stored under
different conditions after seven weeks; Figure S5. Effectiveness of phages with different excipients to
control Psa; Table S1. Concentration of phages present in kiwi leaf discs assay; Table S2. Summary
of results obtained in the different assays with the list of excipients evaluated in vitro and in vivo
experiments. The data correspond to the average of the results obtained from the respective replicates.
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