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ABSTRACT

To examine the hypothesis that microbes can function as antitranspirants regulating stomatal behavior, we studied the effect of Saccharomyces
cerevisiae strain BY4741 on gas exchange and water-use efficiency (WUE) in Vicia faba L. Stomatal aperture and photosynthetic parameters
were analyzed every day for 7 days after treatment. In the present study, spraying yeast decreased the stomatal aperture. On the 4, 5™, 6%,
and 7™ days after the foliar application of yeast, a decreased in net photosynthetic rate (P ) was observed. This decrease was accompanied
with decreases in stomatal conductance (g,), intercellular CO, concentration (C), and transpiration (T ). The carboxylation efficiency (CE) was
reduced by yeast on the 1°t day after treatment. On the 1%, 2", and 3 days of treatment, the yeast dramatically decreased the maximum
photochemical efficiency of photosystem (PS) Il (F /F ) and increased non-photochemical quenching (NPQ); however, these parameters
eventually recovered to their normal levels. The marked decrease of qP was observed on the 1%t and 2" days after yeast treatment. At
the beginning of the treatment, the yeast decreased electron the transport rate (ETR), but later increased it. Both concentrations of yeast
(1x10% and 1 x 10" CFU mL~") increased the WUE on the 4™, 5™, 6%, and 7" days of treatments. At the concentrations of 1 x 10® CFU
mL-", yeast acted as a more effective antitranspirant, showing higher WUE, than at the concentration of 1 x 10" CFU mL-'. P was
positively correlated with T and g_onthe 7" day of the treatment. Moreover, T, was much more sensitive to yeast than was P . In general,
the foliar application of yeast resulted in decreased T, and increased WUE. The yeast-induced decrease in photosynthesis is mainly caused
by stomatal closure, suggesting that yeast can be used as an antitranspirant or a priming agent for improving drought tolerance in plants.
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INTRODUCTION

Owing to the severe shortage of water resources, improving
water-use efficiency (WUE) has received considerable
attention in plant physiology. The methods for improving
WUE in agriculture include: (1) irrigation techniques such
as sprinkler irrigation, drip irrigation, micro-irrigation,
regulated deficit irrigation, etc. (Fereres and Soriano,
2016); (2) cultivation practices such as mulching, fertilizer
management, etc. (Yunusa et al., 1994; Hussain and Al-
Jaloud, 1995); (3) water -saving chemical treatment using
phenylmercury acetate, atrazine, alachlor, triazolone, etc.
(Squire and Jones, 1971); (4) gene-editing (Sivamani et al.,
2000; Melotto et al., 2006). However, the techniques
mentioned above are uneconomical and pollute the
environment.

Among the alternative and eco-friendly methods, plant
growth-promoting microorganisms (PGPMs) play an
important role in the sustainable agriculture industry
(Brilli et al., 2019). PGPMs can enhance crop production
through a number of direct and indirect mechanisms,
such as by promoting the uptake of water and nutrients
(Abhilash et al., 20106), by inhibiting pathogen invasion,
and by affecting the production of growth regulators.
Previous studies have focused on the interactions between
agricultural plants and microorganisms in the soil or
rhizosphere. More and more studies have proved that
phyllosphere microorganisms also play important roles in
plant growth (Batool et al., 2016; Stone et al., 2018).

A vast number of microorganisms colonize the leaf surface
of terrestrial plants and occur in areas, such as stomatal
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opening, that foster closer interactions with the host plant (Lin
etal., 2019). Some phyllosphere microorganisms can produce
abscisic acid (ABA) and control stomatal movement (Stone
etal., 2018). Stomata are the pores on the leaf surface formed
by pairs of epidermal guard cells, which are important portals
for controlling gas and water exchange in plants (Melotto
et al., 2000; Franks et al., 2015; Franks and Farquhar, 2015).
Thus, stomata hold the key to increase plant WUE (Davies
et al,, 2002). A recent study showed that partial stomatal
closure can improve WUE (Li et al., 2014). The exogenous
application of an antitranspirant can induce stomatal closure,
resulting in increased WUE. Identifying natural and safe
antitranspirants is becoming a high research priority (Davies
etal.,, 2002). Moreover, stomatal movement can be influenced
by phyllosphere microorganisms (Li et al., 2014). However,
it is still not clear whether phyllosphere microorganisms can
function as antitranspirants to enhance WUE.

Epiphytic yeast (Saccharomyces cerevisiae), a phyllosphere
fungus, is a natural plant growth promoter and is used
as a safe chemical fertilizer in agriculture (Shalaby and
El-Nady, 2008; Ziedan and Farrag, 2011). The cell wall of
S. cerevisiae consists of a number of polymers including
chitosan (2%) (Brady et al., 1994), which has been used to
enhance growth, stimulate immune system, and conserve
water use in plants (Uthairatanakij et al., 2007; Bistgani et al.,
2017). Thus, yeast is perhaps considered as an appropriate
antitranspirant to regulate stomatal behavior and improve
WUE. Therefore, the objectives of this study were to: 1)
determine whether epiphytic yeast influences stomatal
movement; 2) explore the effect of exogenous spraying of
yeast on photosynthesis, and 3) determine the appropriate
concentration of yeast for spraying to improve WUE.

MATERIALS AND METHODS

Chemicals and Reagents

Yeast Extract, peptone, glucose, 2-(N-morpholino)
ethanesulfonic acid (MES), and KCl were purchased from
Shanghai Yuanye Bio-Technology Co., Ltd. (Shanghai,
China). Broad been seeds were purchased from Shanghai
Nongle Seed Company (Shanghai, China). Vermiculite,
perlite, and nutritional soil were purchased from the local
market of Hangzhou, China.

Instrumentation

DSZ5000X microscope (UOP, Chongging, China) fitted with
a Canon PowerShot G10 camera has a clear microscopic
observation and imaging system. The portable photosynthetic
open-system (CI-340, 4845NW Camas Meadows Drive,
Camas, WA, 98607, USA) equipped with data memory, a
CO,/H,O gas analyzer, and a flow control system provides
automatic control independent of the environmental
conditions of the interior of the leat chamber. The MAXI
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version of the IMAGING-PAM M-Series chlorophyll
fluorescence system (Heinz-Walz GmbH, Effeltrich,
Germany) is composed of a light emitting diode (LED)
power supply unit, an LED light source, a charge-coupled
device (CCD), data line, software, etc. Chlorophyll
fluorescence imaging provides a powerful, non-invasive tool
for investigating leaf photosynthesis under natural conditions.

Plant materials

In the present study, VV7ia faba L. ‘Daqingpi’ was used
as the plant material. It was grown in an open chamber
of Zhejiang University at Hangzhou (120°2’E, 30°3’N),
Zhejiang province, located along the southeast coast of
China with subtropical monsoon climate for 5 weeks. Seeds
were soaked in water for 4 days and then sown in plastic
pots (12 cm diameter X 14.5 cm height) in April, filled
with vermiculite, perlite, and nutritional soil (1:1:1, by vol.).
The plants were irrigated daily and grown under natural
irradiance conditions in the open chamber.

Yeast cultivation

Saccharomyces cerevisiae strain BY 4741 was grown in YPD liquid
medium (1% yeast extract, 2% peptone, and 2% glucose)
at 30°C for 48 h. After 10 min of centrifugation at 3000 ¢
min~", the supernatant was discarded, and the harvested cells
were resuspended at the final concentrations of 1 X 10°and
1 X10" CFU mL™"in ultrapure water without any detergents.

Stomatal aperture measurement

Five leaf disks (5 mm in diameter) per treatment were
randomly collected from different plants. Freshly prepared
abaxial epidermal strips were peeled carefully from the
abaxial surface of the leaves and immediately put into
MES/KCI buffer (10 mM MES, 50 mM KCl, pH 6.15).
The epidermal strips were transferred on a glass slide
for microscopic analysis. The stomatal apertures were
determined by digital images captured using a DSZ5000X
microscope. The width of the stomatal aperture was
measured using the software Image Pro Plus 6.0 software
(Media Cybernetics, Silver Springs, MD).

To avoid any potential rhythmic effects on stomatal
aperture, the experiments were always started at the same
time every day for 7 days. The data presented are the means
of 90 stomatal apertures = SE.

Gas exchange measurements

Five-week-old plants were sprayed with two different
concentrations of yeast, and the controls were sprayed with
water. Both adaxial and abaxial surfaces of all expanded
leaves were sprayed. The leaf gas exchange parameters (net
photosynthetic rate, P ; transpiration rate, T’; intercellular
CO, concentration, C; stomatal conductance, g) were
measured using a portable photosynthetic open-system
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(CI-340, 4845NW Camas Meadows Drive, Camas, WA,
98607, USA) daily for 7 days following the yeast spray
treatments. Before measurements, the plants were allowed
to acclimate to sufficient light irradiance for more than 1 h.
During measurements, a leaf-chamber light intensity of
800 pmol m™*s™" was supplied by an LED source on the
adaxial leaf surface, the leaf temperature was 25°C, and the
ambient CO, concentration was 400 umol mol™" (Li et al.,
2014). For each measurement, two upper, fully expanded,
terminal, and well-exposed leaves on one plant per plot
were chosen. The yeast-treated leaves were chosen from the
plants with the most uniform coating. All leaf gas-exchange
measurements were performed between 10:00 and 14:00,
using eight leaves randomly collected from four plants.
Data were recorded after 3—4 min, when the steady-state
photosynthesis was achieved. WUE was calculated as P /T
and carboxylation efficiency (CE) as P /C.. The relationship
between P_and g was evaluated by a logarithmic function
and that between T and g was evaluated by a linear
function. The correlation and regression analyses were
conducted using SPSS version 13.0 (SPSS, Chicago, USA).

Chlorophyll fluorescence measurements

Leaves used for chlorophyll fluorescence assay were collected
7 days after treatment. The maximum photochemical
efficiency of PSII (F /F ), electron transport rate (ETR),
non-photochemical quenching (NPQ), and photochemical
quenching (qP) were analyzed with the MAXI version of
the IMAGING-PAM M-Series chlorophyll fluorescence
system. Plants were dark-adapted for 30 min prior
to measurements. The details can be obtained from
Koscielniak and Biesaga-Koscielniak (2006). Saturation
pulses were given every 20 s (Gao et al., 2013). This
experiment was repeated eight times (n=8).

Statistical analyses

Standard error (SE) was calculated for each treatment.
Differences among treatments were compared using Tukey’s
HSD (honestly significant difference) test. A P-value of less
than 0.05 was considered statistically significant. All statistical
analyses were performed using the SPSS 13.0 package.

RESULTS

Stomatal closure by yeast

Foliar spraying with yeast induced stomatal closure (Fig; 1).
During 7 days after spraying, both concentrations of yeast
(1 X 10°and 1 X 10" CFU mL™) significantly decreased
the stomatal aperture (Fig. 1).

Effects of yeast on leaf gas-exchange
The g and T values were almost lower in the yeast-treated
plants than in the control plants during 7 days after
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treatment (Fig. 2B, C). On the 4™, 5, 6* and 7" days, both
P_and C were significantly lower in the yeast-treated plants
than in the controls (Fig. 2A, D). On the 27, 3% 4% 5% 6*)
and 7™ days, WUE was higher in the plants treated with
both concentrations (1 X 10° and 1 X 10" CFU mL.™)
ofyeast than in the controls (Fig. 2E). Underyeast treatment,
CE was decreased only on the 1% day (Fig. 2F).

Effects of yeast on chlorophyll fluorescence

The yeast treatment induced a significantly lower F /F
ratio and higher NPQ than the control treatment on the
1%, 27, and 3™ days (Fig. 3A, B). However, no significant
differences in F /Fand NPQ were observed between
the yeast-treated and control plants (Fig. 3A, B). qP was
decreased by yeast on the 1% and 2™ days after treatment
(Fig. 3D). The ETR was significantly decreased on the
1** day and then increased on the 3" and 4™ days after the
yeast treatment (Fig. 3C).

Relationships between g_and P, T, and WUE on the
7™ day

The relationship between P_and g was well represented by
a logarithmic function (r* = 0.93) (Fig. 4A). Fig, 4B shows
a linear relationship between T’ and g (+*= 0.99) on the
7™ day after spraying. Fig. 4C shows a relationship between
WUE and g on the 7" day after spraying, wherein WUE
increased linearly with decreasing g and reached a peak
at approximately 10 mmol mol ™!, when g approached 20
mmol m™* s™'; however, when g decreased further, WUE
decreased dramatically and reached close to zero.

Interrelationships between gas-exchange parameters
on the 7t day

As shown in Fig. 5, P_ was more correlated with T and g
and WUE with C than with other gas-exchange parameters,
In addition, a negative correlation was observed between
C,and other gas-exchange parameters.

DISCUSSION

Stomata can sense environmental changes and then regulate
transpiration and gas exchange accordingly (Franks et al.,
2015; Jones 1998). The interactions between microbes and
plant compounds play important roles in microorganism-
induced stomatal behavior (Ortiz-Castro et al., 2009). Yeast,
a non-pathogenic fungus, can induce stomatal closure, but
not cell death at the epidermal level (Khokon et al., 2010).
The yeast ascospore wall consists of chitosan (Brady etal.,
1994), which can induce elevations in the concentration of
free cytosolic calcium ([CaZJ’]Cyt) in guard cells (Klusener
et al.,, 2002; Khokon et al., 2010) and lead to stomatal
closure. The similar responses occurred in the present
study following the application of living yeast cells. Our
results indicated that the spraying of yeast cells led to the
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Fig 1. Changes in stomatal aperture of Vicia faba after treatment with
two concentrations of yeast for 7 days. Error bars indicate + SE (n=90).
The different letters represent significant differences (P<0.05) and ns
represents no significant difference (P>0.05).

closure of stomatal aperture accompanied by a reduction
in g at the whole-plant level (Fig. 2A).

Leaf gas exchange and chlorophyll fluorescence are
considered as powerful and efficient parameters in plant
ecophysiology studies (Maxwell and Johnson, 2000).
In addition, they are non-intrusive indicators for rapid
assessment of 7z vivo photosynthesis in biotic and abiotic
stress responses of plants (Maxwell and Johnson, 2000;
Sui 2015). P_was significantly lower in the yeast-treated
plants than in the control plants on the 4®, 5*, 6™ and
7" days (Fig. 2A). g and C, are important parameters to
assess limitations to photosynthesis (Jiang et al., 20006); they
were both decreased on the 4™, 5™ 6™ and 7" days after
treatment with yeast (Fig. 2B, C). In addition, the results
showed that P_was more positively related to g than to C,
on the 7" day (Fig. 5). Therefore, the setious depression
in P_after the yeast treatment was due to the closure of
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Fig 2. Changes in net photosynthetic rate, P (A), stomatal conductance, g, (B), transpiration rate, T, (C), intercellular CO, concentration, C,
(D), water use efficiency (WUE; P/T) (E) and Carboxylation efficiency (CE; P /C) (F) of Vicia faba after treatment with two concentrations of
yeast for 7 days. Error bars indicate + SE (n=8). The different letters represent significant differences (P<0.05) and ns represents no significant

difference (P>0.05).
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gP (C) and electron transport rate, ETR (D) of Vicia faba after treatment
with two concentrations of yeast for 7 days. Error bars indicate + SE
(n=8). The different letters represent significant differences (P<0.05)
and ns represents no significant difference (P>0.05).

stomata as shown by the decrease in g (Fig. 2B), which, in
turn, contributed to reduced T (Fig. 2C).

Similar conclusions could be drawn from the changes in
CE and chlorophyll fluorescence parameters. The marked
reduction in CE was observed only on the 1* day after the
yeast treatment (Fig. 2F). CE indicates carbon assimilation
(Ding et al., 2014), and its decrease under yeast treatment
was probably due to the reduction in activity and/or
quantity of Rubisco (Zhangetal.,2010). P_ decreased after
6 days of yeast treatment, while CE showed no decrease,
indicating that yeast did not impair mesophyll processes
(Zhang et al., 2010). Therefore, the decrease in P was
caused by stomatal factors under yeast treatment.

In our research, the reduction in P_was a side effect of
the antitranspirant treatment (Fig. 2A). A previous study
showed that the application of an antitranspirant restricted
P and decreased plant yield (Kettlewell et al., 2010). In
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g, in Vicia faba on the 7" day after spraying yeast.

contrast, kaolin, a film antitranspirant, reduced P, but
provided a notable yield increase (Cantore et al., 2009).
A recent study also showed that yeast had no effect on
P, but increased grain yield under drought conditions
(Gao et al,, 2014). These inconsistent results might be
due to the differences in plant variety, development stages,
and environment conditions. In addition, it should be
noted that P_was defined at a leaf scale in the present
study, and plant behavior can be different at the level of
individual leaves and of the whole canopies (Munekage et
al., 2004; Franks et al., 2015). Despite causing a reduction
in photosynthesis, an antitranspirant can increase the
growth of stem internodes through cell expansion (Héroult
et al., 2013). Based on its richness in cytokinins and other
growth-regulating substances, yeast is suggested to play a
beneficial role in cell division and cell enlargement (Shalaby
and El-Nady, 2008). In the future, it would be interesting
to study the methods of applying yeast to enhance yield
under elevated WUE conditions.

The F /F _ratio reflects the maximal photochemical yield
of PS II center (Maxwell and Johnson, 2000; Sui, 2015).
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Fig 5. The relatioships between gas exchange parameters (net photosynthetic rate P, transpiration rate T, water use efficiency WUE, intercellular
CO, concentration C, and stomatal conductance g,) of Vicia faba on the 7™ day after spraying 1 x10°and 1 x10'° CFU mL-'(in line rectangle) yeast.

Although the F /F ratio was dramatically decreased on
the 1%, 2" and 3™ days of the yeast treatment, it was
eventually recovered to its normal level (Fig. 3B), indicating
that the function of PS II was not significantly damaged by
yeast. NPQ is a feedback regulatory mechanism induced
upon exposure to a photon flux density in excess of what
can be used with the maximum quantum yield of PS II,
which is linearly related to heat dissipation (Maxwell and
Johnson, 2000). On the 1%, 2™, and 3™ days of the yeast
treatment, there was an increase in NPQ (Fig. 3A, C),
which denoted an increase in energy dissipation through
non-photochemical processes. P is another widely used
fluorescence parameter, representing the openness of
the PS 1I reaction centers and redox state of the primary
quinone acceptor of PS II (QA) (Maxwell and Johnson,
2000). On the 1 and 2 days, a decrease in qP might
indicate that the yeast treatment induced the closure of
the PS 1II reaction center. ETR is indicative of the relative
amount of electrons passing through PS II during steady-
state photosynthesis (Franks et al., 2015). In the present
study, the high ETR accompanied by low P, low g, and
reduced stomatal aperture indicated that a decrease in P
was caused by stomatal limitation.

Stomata allow CO, to enter the leaf and provide a pathway
for water vapor diffusion out of the leaf to the atmosphere
(Melotto et al., 2006; Franks and Farquhar, 2007; Héroult
et al., 2013; Franks et al., 2015). In order for plants to
use water efficiently, stomata must ensure an appropriate
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balance between CO, demands for photosynthesis and
water loss through transpiration (Héroult et al., 2013).
WUE increased with a decrease in g and reached a peak
at g = 20 mmol m™ s, and then declined dramatically
as the g continued to decline (Fig. 4C).The optimal
stomatal behavior, which reflects a trade-off between
water conservation and high CO, assimilation, could allow
constant Pn/ Tr with changing environment (Héroult et al.,
2013; Manzoni et al., 2013). Additionally, the optimum
stomatal aperture could be between the fully open aperture
and that giving maximum WUE (Bazzaz et al., 1974).
The positive linear correlation between T and g (Fig. 4B)
indicated that the stomatal resistance contributes more to
the total leaf resistance for H O diffusion than for CO,
uptake (Franks et al., 2015). The data obtained from this
study provided evidence that yeast application caused
more decline in transpiration than in photosynthesis,
thus leading to an increase in WUE. Similar results were
reported by Nilsen and Orcutte (Nilsen and Orcutte, 1996).
ABA induced higher WUE because it induced stomatal
closure, and the reduction in P_was much lower than that
in T. The data showed that 1 X 10" CFU mL ™" induced
more stomatal resistance than 1 X 10°CFU mL™" of yeast,
while the maximum WUE occurred at 1 X 10°CFU mL™
of yeast. Therefore, as an antitranspirant, yeast was more
effective at the concentration of 1 X 10° CFU mL ™" than at
1 X 10" CFU mL. Thus, in order to achieve the maximum
WUE, it is important to have optimum stomatal aperture.
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CONCLUSION

The results showed that the foliar application of yeast
significantly increased the WUE of 1. faba plants by
regulating the stomatal movement. The yeast-induced
decreases in photosynthesis are mainly due to stomatal
limitation rather than the direct effect on the capacity
of the photosynthetic apparatus. It could be an effective
antitranspirant with its low environmental impact and
economic cost.
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