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A non-invasive method to predict drought e
survival in Arabidopsis using quantum yield
under light conditions

Thelma Y. Rico-Cambron', Elohim Bello-Bello'?, Octavio Martinez' and Luis Herrera-Estrella'?"

Abstract

Background Survival rate (SR) is frequently used to compare drought tolerance among plant genotypes. While a
variety of techniques for evaluating the stress status of plants under drought stress conditions have been developed,
determining the critical point for the recovery irrigation to evaluate plant SR often relies directly on a qualitative
inspection by the researcher or on the employment of complex and invasive techniques that invalidate the
subsequent use of the tested individuals.

Results Here, we present a simple, instantaneous, and non-invasive method to estimate the survival probability of
Arabidopsis thaliana plants after severe drought treatments. The quantum yield (QY), or efficiency of photosystem

I, was monitored in darkness (Fv/Fm) and light (Fv'//Fm’) conditions in the last phase of the drought treatment

before recovery irrigation. We found a high correlation between a plant’s Fv'//Fm’value before recovery irrigation

and its survival phenotype seven days after, allowing us to establish a threshold between alive and dead plants in a
calibration stage. This correlation was maintained in the Arabidopsis accessions Col-0, Ler-0, C24, and Kondara under
the same conditions. Fv'/Fm’was then applied as a survival predictor to compare the drought tolerance of transgenic
lines overexpressing the transcription factors ATAF1 and PLATZ1 with the Col-0 control.

Conclusions The results obtained in this work demonstrate that the chlorophyll a fluorescence parameter Fv'/Fm’
can be used as a survival predictor that gives a numerical estimate of the Arabidopsis drought SR before recovery
irrigation. The procedure employed to get the Fv'//Fm’measurements is fast, non-destructive, and requires inexpensive
and easy-to-handle equipment. Fv'//Fm'’as a survival predictor can be used to offer an overview of the photosynthetic
state of the tested plants and determine more accurately the best timing for rewatering to assess the SR, especially
when the symptoms of severe dehydration between genotypes are not contrasting enough to identify a difference
visually.
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Background
Drought is considered one of the major threats to plant
growth and crop productivity, imposing significant chal-
lenges to global agriculture and food security [1]. Imme-
diate drought impacts on crop yield affect approximately
55 million people worldwide and cause annual economic
losses reaching US$5.4 billion per year [2]. Therefore,
there is an urgent need to develop new drought-resilient
crop varieties and adopt farming practices that maximize
crop yield under arid soil conditions. Several breeding
programs and water management strategies have been
implemented to achieve these sustainable agriculture
goals, transform agri-food systems, and address pressing
climate challenges [3]. To date, the genetic and physiolog-
ical mechanisms underlying plant responses to low water
availability have been widely studied [4, 5], providing
plant breeders with information that facilitates the devel-
opment of new plant varieties more tolerant to drought
using both traditional methods, such as molecular plant
breeding [6, 7], and cutting-edge technologies including
genetic engineering [8, 9] and genome editing [10, 11].
Additionally, water-smart farming practices for mitigat-
ing water scarcity and improving water use efficiency are
currently in the scope of farmers to ensure the long-term
sustainability of agricultural systems. Such farming prac-
tices include the use of soil additives such as superabsor-
bent hydrogel [12, 13], nanoparticles [14, 15], biochar
[16, 17], and plant growth-promoting rhizobacteria [18,
19], which enhance soil wettability and provide multiple
benefits to improve crop development and soil health.
Despite implementing plant breeding programs and
water management strategies to improve drought stress
tolerance in crop plants, determining their effectiveness
and suitability remains a major challenge. Therefore, it
is necessary to establish more accurate techniques and
methods to reliably measure plant drought tolerance
and survival. In this regard, sophisticated equipment
and platforms, such as portable photosynthesis systems
and high-throughput multi-sensor gravimetric systems,
have been designed to provide over-time profiles of
plant status under different water regimes, combining
the monitoring of parameters like stomatal conductance,
transpiration rate, and water use efficiency [20-22], but
the implementation of these platforms can result expen-
sive and difficult to access. On the other hand, simpler
drought-related indicators have been employed to assess
the response of different plant genotypes to drought
stress, including plant relative water content [23], bio-
mass reduction [24], and ion leakage [25]. Nevertheless,
employing these indicators is highly invasive, invalidating
any posterior use of the tested plants. Among the main
approaches for comparing drought tolerance between
plant genotypes, plant viability is a straightforward way
to test a plant’s capacity to survive severe drought stress
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conditions. This survival proof consists of withholding
the water supply until most control individuals show
signs of perishing. The survival rate (SR) after supply-
ing recovery irrigation is considered a drought tolerance
indicator [26—28]. However, this approach lacks effective
methods to determine the optimal time for plant rewa-
tering, relying on the experience of the researcher to
observe qualitative drought-related plant characteristics,
such as turgor loss, or requiring several replicates of the
same experiment, resulting in a time-consuming, error-
prone and resource-intensive process.

To cope with this concern, plant scientists have focused
on photosynthesis, one of the first processes affected by
drought, even at mild stress levels [29]. In this sense, the
measurement of photosynthetic parameters related to
chlorophyll 4 fluorescence has been employed to estimate
the impact of drought on photosynthesis non-invasively.
From these parameters, the most commonly used are 1)
quantum yield (QY), which can be estimated under dark
(maximum QY or Fv/Fm) and light conditions (opera-
tional QY or Fv’/Fm'); 2) rapid polyphasic chlorophyll a
fluorescence transient (OJIP), and 3) non-photochemical
quenching (NPQ) [30-34]. Specifically, QY represents
the efficiency of photosystem II to employ the absorbed
photon energy in photochemistry [35, 36]. The maximum
QY, also called Fv/Fm, has been utilized as an indicator of
plant health status under different abiotic stresses, such
as heat [37], salinity [38], and drought [31, 39], to deter-
mine different levels of tolerance in crop plants. In Arabi-
dopsis, Fv/Fm has been used as a quantitative parameter
to predict plant survival and determine the time of death
after a severe drought treatment [31]. A drawback of this
technique is the requirement of dark adaptation of the
plant samples, which can represent a hindrance for track-
ing experiments with a large number of samples or when
the plant size is too small to use of the clamps or clips
often required by chlorophyll fluorometers. Given this,
exploring the behavior of dark-independent chlorophyll
a parameters in plants exposed to drought stress could
offer an alternative to overcome the limitations imposed
by the need for a dark adaptation stage.

In this study, we compared the behavior of Fv/Fm and
Fv'/Fm’ at a late stage of a drought stress treatment in
Arabidopsis thaliana to evaluate the suitability of Fv'/Fm’
as a plant survival predictor, eliminating the necessity of
an initial phase of dark adaptation. Our results demon-
strate that Fv’/Fm’ measurements in light-adapted plants
allow for predicting plant survival and viability after
severe drought stress in a fast, precise, and non-inva-
sive manner. Finally, this methodology was successfully
applied to different Arabidopsis accessions and trans-
genic lines with varying degrees of drought tolerance,
confirming its applicability and reproducibility in Arabi-
dopsis research.
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Materials and methods

Plant materials and growth conditions

In this work, four Arabidopsis accessions and two
drought-tolerant transgenic lines were evaluated. The
selected accessions were Columbia-0 (Col-0), used
as the control line in all the experiments, Landsberg
erecta-0 (Ler-0), C24 and Kondara. The transgenic lines
were pTCTPI:ATAFI-2 and p35S:PLATZI-8 (hereaf-
ter referred to as ATAF1-20x and PLATZ1-8ox, respec-
tively), which overexpress the genes ARABIDOPSIS
TRANSCRIPTION ACTIVATING FACTOR 1 (ATAFI,
AT1G01720) and PLANT A/T-RICH SEQUENCE- AND
ZINC-BINDING PROTEIN 1 (PLATZI1, AT1G21000).
These genes have been previously reported to improve
the performance of Arabidopsis plants under low water
availability [40, 41]. Arabidopsis accessions and the
transgenic line PLATZI-80ox were obtained from labo-
ratory stock, while the line ATAFI-2ox was generated
in this study as mentioned in the next section. Seeds
were surface sterilized by adding 20% (v/v) commercial
bleach and shaking for 10 min, followed by three rinses
with sterile distilled water of 3 min each. After stratifi-
cation for 48 h at 4 °C in darkness, seeds were sown in
100x15 mm Petri dishes (SYM Laboratorios, Puebla,
Mexico) containing 25 ml of 0.1X Murashige and Skoog
(MS) medium supplemented with 0.5% (w/v) sucrose, 3.5
mM MES, and 1% agar. Seedlings were grown for 14 days
in growth chambers (Percival, IA, USA) at a constant
temperature of 2212 °C and under a photoperiod of 16 h
light/8 h dark with photosynthetically active radiation
(PAR) of 80+10 pumol m~2 s~ ! supplied by white fluores-
cent lamps (Philips, Amsterdam, Netherlands). For seed
propagation, 14-day-old seedlings were transferred to a
soil mix composed of peat moss Sunshine® mix #3 (Sun
Gro® Horticulture, Alberta, Canada), vermiculite (Vermi
Radical, Guanajuato, Mexico) and perlite (Grupo Perlita,
Durango, Mexico) in a relation 3:1:1. Soil mix was fertil-
ized with 0.1X MS solution. Plants were allowed to com-
plete their cycle in greenhouse.

Generation of lines overexpressing ATAF1

An overexpression vector containing the ATAFI cod-
ing sequence under the control of the minimum
constitutive promoter (0.3kb,,) from the TRANS-
LATIONALLY CONTROLLED TUMOR PROTEIN 1
(TCTP1, AT3G16640) gene [42] was assembled using the
Golden Gate Modular Cloning (MoClo) system [43, 44].
Briefly, TCTPI1 promoter and ATAFI coding sequence
were amplified by PCR from genomic and complemen-
tary DNA, respectively, with the primers specified in
Supplementary Table S1. The obtained sequences were
cloned in LO vectors to subsequently be joined to the
AtuOCS terminator, included in the MoClo Plant Part
(MPP) kit, in an L1 vector. This transcriptional unit was
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transferred to an L2 vector adding the bialaphos resis-
tance cassette (MPP kit) as a selective marker (complete
list of vectors in Supplementary Table S2). The final con-
struction was introduced in Agrobacterium tumefaciens
(strain GPV2260) to transform Col-0 plants by floral dip
method [45]. Transgenic lines carrying ATAFI construc-
tion were selected in 0.1X MS medium containing 100
uM glufosinate-ammonium (Sigma-Aldrich, Darmstadt,
Alemania); plants with an approximate 3:1 segregation
rate, corresponding to single insertions, were chosen to
produce homozygous lines.

Analysis of ATAF1 and PLATZ1 expression by RT-qPCR

The expression level of the ATAFI and PLATZI trans-
genes in the selected overexpressing lines was deter-
mined by RT-qPCR. Total RNA was isolated from
14-day-old seedlings using TRIzol reagent (Life Technol-
ogies, CA, USA). For RT-qPCR analysis, 500 ng of RNA
were reverse-transcribed using the Super-Script III first-
strand synthesis kit (Invitrogen, CA, USA) following the
manufacturer’s instructions. Quantitative real-time PCR
(qPCR) was performed on a Mic qPCR Cycler System
(Bio Molecular Systems, Queensland, Australia) using
the reagent SensiFast TM SYBR No-ROX Kit (Bioline,
London, UK) and gene-specific primers (Supplementary
Table S1). The qPCR settings were 95 °C for 2 min, fol-
lowed by 40 cycles of 95 °C for 5 s, 65 °C for 10 s and
72 °C for 20 s. The relative expression level of ATAFI
and PLATZ]I genes was calculated using the housekeep-
ing gene ACTIN2 (ACT?2) as a reference and the 274
method (Supplementary Fig. S1A, B).

Drought stress assays

Drought stress assays consisted of withholding water
supply to Arabidopsis plants until they reached a state
of severe stress to evaluate their SR upon rehydration.
The experiments were divided into two main stages: (1) a
calibration stage to define the QY threshold between sur-
viving and dead plants of Col-0 and the different Arabi-
dopsis accessions; and (2) an application stage, where the
identified QY threshold for Col-0 was applied to estimate
its SR at different points and decide the specific point
for adding recovery irrigation, getting an SR of this con-
trol line close to the rate estimated by previous recovery
irrigation.

Calibration stage: For the calibration stage of
Col-0 and the Arabidopsis accessions, square pots
(8.40%x6.35x8.89 cm) were filled with 40 g of dried soil
(see Plant materials and growth conditions section). Pots
were placed overnight in trays with 4L of 0.05X MS solu-
tion to allow the soil saturation by absorption. Solution
excess was removed. Five seedlings (14 days old) were
transferred per pot following the distribution shown in
Supplementary Fig. S2C. Pots containing Arabidopsis
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plants were placed in a growth chamber (Percival, IA,
USA) at 22+2°C, with a photoperiod of 16 h light/8 h
dark and a PAR intensity of 100+10 pmol m~% s™!. After
ten days in well-watered conditions, pots for drought
treatment were transferred to trays containing distilled
water, where they were kept until reaching their satu-
ration point. Then, water-saturated pots were placed
on microfiber towels for 30 minutes to remove excess
water. All pots were weighed and brought to the same
weight (245 g) and finally, an initial water content was
established (194 ml). Treated pots were left to dry, daily
weighted, and adjusted with distilled water (approxi-
mately 1 to 5 ml per day) to get a uniform pot weight to
keep a similar water content drop among them. Once soil
water content dropped to 10%, water addition was with-
held (from this point, pots maintained negligible differ-
ences in weight). When severe stress symptoms were
observed (30 days of treatment), Fv’/Fm’ values started to
be monitored. Recovery irrigation was applied at differ-
ent times for experiments corresponding to the calibra-
tion stage to get a set of QY values between the average
Fv’/Fm’ of well-watered plants and the minimum possible
value for Fv’/Fm'’ (0.00). The SR and thresholds were cal-
culated seven days after recovery irrigation.

Application stage: To estimate the applicability of
the method described here, we carried out a drought
experiment with the ATAFI-20x and PLATZ1-80x trans-
genic lines at the Institute of Genomics for Crop Abi-
otic Stress Tolerance (IGCAST, Texas Tech University).
Since some conditions changed for these experiments,
such as soil, light source and controlled relative humid-
ity, a small calibration experiment was performed with
Col-0. For the drought stress assays for both calibra-
tion of Col-0 threshold and application stages, square
pots (8.40%x6.35x8.89 cm) were filled with 38 g of thor-
oughly dried growing substrate Sunshine® Mix #1 (Sun
Gro® Horticulture, Alberta, Canada) and saturated with
100 mg/ml fertilizer All Purpose Plant Food (Miracle-
Gro®). Five seedlings (14-days-old) were transferred to
each pot and placed in a growth chamber (Conviron,
CA, USA) at 22+2°C, 16/8 h photoperiod, a PAR inten-
sity of 100+10 pmol m~2 s~! supplied by LED lamps,
and relative humidity of 45%. The drought treatment was
conducted following the above-described protocol and
until the plants showed severe stress symptoms (16 days
of treatment). Recovery irrigation was applied according
to the above-mentioned criteria for the calibration stage,
but for the validation experiments, the probable SR of
Col-0 was determined every hour by measuring the Fv’/
Fm’ of each Col-0 plant and utilizing the corresponding
threshold (Supplementary Fig. S1C). Recovery irrigation
was added when a SR lower than 10% was estimated for
Col-0 and, before rewatering, Fv’/Fm’ of ATAFI-20x and
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PLATZ1-80x was also measured. SR of the tested lines
was evaluated seven days after recovery irrigation.

Determination of maximum (Fv/Fm) and operational (Fv'/
Fm’) QY in Arabidopsis plants

QY measurements were obtained using a handheld fluo-
rometer PAR FluorPen FP 110/P (Photon Systems Instru-
ments, Brno, Czech Republic) according to the settings
recommended by the manufacturer: A=455 nm; flash-
pulse: 900 pmol m~2 s~ 1, 30 ps; super-pulse: 2400 pmol
m~? s7!. Measurements were taken directly from the
center of the rosette, pointing the fluorometer at 90°.
For Fv/Fm, dark adaptation of the plants was carried
out in a dark room (PAR<1 pmol m~2 s™') for 15 min.
To evaluate the effect of PAR on QY under well-watered
conditions, PAR was adjusted to different intensities (20,
45, 70, 100, 140 and 185 umol m~2 s™1) by changing the
number of fluorescent lamps in the growth chamber or
placing the plants in a dark room (PAR<1 pmol m™?s™1)
in the case of Fv/Fm. PAR intensity was measured with
the PAR sensor of the PAR FluorPen FP 110/P. Before
QY measurements, plants were allowed to adapt to each
PAR intensity for 15 min. For drought stress assays, once
drought-treated plants showed stress symptoms, such as
wilting, chlorosis, and dark-colored leaves, QY was mon-
itored every hour.

Estimation of survival rate

The parameter SR was calculated as S/N x 100, where S
is the number of plants that survived the drought treat-
ment seven days after recovery irrigation, and N is the
total number of evaluated plants. To estimate SR before
recovery irrigation, the Fv'/Fm’ values obtained during
the monitoring of the control line (Col-0) were classi-
fied as PS (probable surviving) when they were equal to
or higher than the threshold value, and as PD (probable
dead) when they were lower than the threshold value.
Estimated SR was calculated as PS/N x 100, where PS is
the number of Fv'/Fm’ values classified as PS.

Statistical analyses

All statistical analyses were done in R software (version
4.3.1, http://www.R-project.org). For QY and SRs com-
parisons, one-way-ANOVA, Student’s t-test, Wilcoxon
signed-rank and Tukey’s HSD tests were conducted with
a significance level of p-value<0.01. Pearson and point-
biserial correlations were performed to determine the
interdependence of QY with PAR and SR, respectively,
employing a p-value<0.01. The thresholds were esti-
mated by a Generalized Linear Model (GLM) for the sur-
viving probability as a function of the observed Fv'/Fm’
parameter. We also performed a statistical validation for
the method’s ability to predict plant survival as a function
of Fv’/Fm’ (see Additional file 3). All graphs presented in


http://www.R-project.org

Rico-Cambron et al. Plant Methods (2023) 19:127

this study were generated using the ggplot2 package (ver-
sion 3.4.3).

Results

QY performance changes under different PAR intensities in
well-watered conditions

To explore the impact of changes in PAR intensity on
QY in Arabidopsis plants grown under well-watered
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conditions, we conducted measurements of the maxi-
mum (Fv/Fm) and the operational QY (Fv’/Fm’) in Col-0
plants adapted to different PAR intensities. Interest-
ingly, we observed a progressive decline of QY values as
PAR intensity increased, represented by the equation y =
-0.0004x+0.8101 and supported by a negative correlation
coefficient between PAR and QY of -0.95 (Fig. 1A). The
QY values of Col-0 plants oscillated from 0.81 to 0.74 at
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Fig. 1 Analysis of QY in dark- and light-adapted Arabidopsis plants. A) QY measurements taken at different PAR intensities from Col-0 plants grown
under well-watered conditions. Violin plots show the data distribution, median, 25™ and 75th percentiles (n=15 plants, three independent experiments).
Redline, linear regression; gray area, 95% confidence region; R, Pearson correlation coefficient. B) Comparison of QY in dark- (Fv/Fm) and light-adapted
(Fv'/Fm, 100 pmol m~2 s™") plants in well-watered conditions (n=15 plants, three independent experiments). Asterisks, significant difference (Wilcoxon
signed-rank test, P<0.001. C) QY in dark- (Fv/Fm) and light-adapted (Fv//Fm; 100 pumol m=2 s™') plants that survived or died after a severe drought
treatment (n=15 biological replicates, two independent experiments). Asterisks, significant differences (Student’s t-test, P<0.001). D) Single QY mea-
surements of drought-treated plants before recovery irrigation in the dark (Fv/Fm) and light conditions (Fv'/Fm, 100 umol m~2 s~ ). Redline, threshold
estimated by a GLM; R, point biserial correlation coefficient (n=30 plants, two independent experiments)
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the lowest and highest tested PAR intensity (0 and 185
umol m~2 s, respectively). A detailed analysis of the QY
dynamics at the different tested PAR intensities indicated
that, while the Fv/Fm of Col-0 plants was 0.81 at 0 pmol
m~2 s~ ! (darkness conditions), the Fv’/Fm’ at 20 and 185
umol m~?2 s~ ! showed reductions of 1.2% (0.80) and 8.6%
(0.74), respectively (Fig. 1A). At 100 umol m~2 s~ 1, the
PAR intensity generally used to grow Arabidopsis plants
under standard conditions, Col-0O rosettes had an Fv’/
Fm’ of 0.77, representing a significative reduction of 4.9%
with respect to dark-adapted plants (Fig. 1A, B). These
results indicate that interpolation curves can be created
to compare QY values obtained at different PAR intensi-
ties and even calculate a sample’s maximum QY (Fv/Fm)
from measurements of operational QY (Fv’/Fm’) without
previous dark adaptation.

Fv'/Fm’ as a potential indicator of plant survival rate in
Arabidopsis

As mentioned in the introduction, Fv/Fm has been used
as a survival predictor in Arabidopsis; however, dark
adaptation becomes a problem when the assays are car-
ried out with a large number of individuals or with small
plants. To determine if QY in light-adapted samples
(Fv'/Fm) can also work as a survival predictor in Col-0
plants at the last phase of a terminal drought treatment
(before recovery irrigation), we decided to carry out an
initial experiment in 30 Arabidopsis plants to get insights
about QY performance under drought conditions. For
this experiment, Fv/Fm and Fv’/Fm’ values for all plants
were recorded before applying the recovery irriga-
tion, and, seven days after, these values were compared
between surviving and dead plants. As shown in Fig. 1C,
both types of QY (Fv/Fm and Fv'/Fm) significantly dif-
fered between surviving and dead plants. While in dark
adaptation, QY dropped 22.6% between surviving and
dead individuals (Fv/Fm=0.62 and 0.48, respectively),
a higher difference of 46.6% was observed in light adap-
tation (Fv’/Fm'=0.58 and 0.31, respectively). A detailed
analysis of QY data showed that Fv’/Fm’ has a stronger
correlation (R=0.84) with the plant survival phenotypes
(surviving/dead) than Fv/Fm (R=0.70). Further analysis
using a GLM of the entire dataset of QY values (n=30)
showed that a putative Fv’/Fm’ threshold of 0.46 allowed
predicting SR in Col-0 with an efficiency of 97% in com-
parison with the threshold for Fv/Fm (0.55), that only
has a predictive power of 80% (Fig. 1D). These results
suggest that Fv'/Fm’ can be used as a rapid, non-invasive
survival indicator after severe drought treatments. As
can be observed in Fig. 2, although there are no evident
differences in drought stress symptoms among treated
plants (wilting, dark-colored leaves, chlorosis, etc.), the
established threshold for Col-0 can accurately separate
surviving plants from dead ones. Moreover, as observed
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in the last day of treatment, the FV’/FM’ and plant sur-
vival drop rapidly (Fig. 2), highlighting the importance of
monitoring QY throughout the day.

Fv’/Fm’works as a drought survival predictor among
different Arabidopsis accessions

To examine if Fv’/Fm’ works as a drought survival pre-
dictor among different Arabidopsis genetic backgrounds,
we evaluated Fv'/Fm’' performance in the Arabidopsis
accessions Col-0, Ler-0, C24, and Kondara under both
well-watered and severe drought conditions. Under a
well-watered regime, C24 and Kondara accessions didn’t
show significant differences in Fv’/Fm’ with respect to
Col-0 (0.77); however, we found a small but significant
reduction of 1.3% (0.76) in the Arabidopsis accession
Ler-0 (Fig. 3A). For evaluation under drought stress con-
ditions, we exposed the selected accessions to a period of
water deprivation until the plants showed severe symp-
toms of stress. All the tested accessions presented a high
correlation between Fv'/Fm' and survival phenotype
(R>0.80). The thresholds between surviving and dead
plants for each accession were determined and validated
by a GLM analysis that calculates the survival probability
in function of Fv’/Fm;, where 50 from a total of 60 mea-
surements per accession were used as ‘training’ to esti-
mate the predictive power of Fv'/Fm’ in the 10 remaining
measurements (1000 iterations) (Additional file 3). This
model set the threshold for Col-0 as 0.45 with a predic-
tive power of 90%, i.e., just 0.01 below the first calculated
threshold, corroborating that Fv'/Fm’ effectively can be
used as a survival predictor in Col-0 and that a minimum
of 30 samples is enough to set a threshold that efficiently
separated viable plants from dead ones. The thresholds
for Ler-0, C24, and Kondara were established as 0.33,
0.33 and 0.37, respectively, and, by performing a detailed
statistical validation of the method, we confirmed that
the prediction of plant survival in all the tested Arabi-
dopsis accessions gives an approximate 90% of correct
predictions (Fig. 3B, C, Additional file 3). These results
indicate that Fv’/Fm’ has a wide application as a survival
predictor among different Arabidopsis accessions.

Application of Fv'/Fm’as a survival predictor in the
evaluation of Arabidopsis transgenic lines grown under
drought stress

To further explore the applicability of Fv/Fm’' as a
drought survival predictor that estimates the SR of a
specific line before recovery irrigation, we decided to
assay the ability of two transgenic lines (ATAFI-20x and
PLATZI1-80x) to survive after a severe drought treatment
comparing their SR at a critical point (SR<10%) for Col-0
plants (control line). These experiments were carried out
in the IGCAST of Texas Tech University; therefore, it was
necessary to determine if the behavior of Col-0 under
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Fig. 2 Relation between Fv’/Fm’and drought survival in Arabidopsis Col-0 plants. (A) Drought-treated plants before (upper) and after (lower) receiving
the recovery irrigation. The time at which each pot was irrigated is indicated. Labels, Fv’/Fm'values. (B) QY in light conditions after a severe drought treat-
ment. Dots represent the single Fv'/Fm’ measurements taken per plant before recovery irrigation. Blue line, Fv'//Fm’in well-watered conditions; red line,

threshold between surviving and dead plants established for Col-0

well-watered and drought conditions in the new labora-
tory would be maintained as previously observed. Inter-
estingly, under well-watered conditions, Col-0 kept the
same Fv’/Fm’ value as the above experiments, 0.77, and

there was no difference with ATAFI1-20x and PLATZI-
8ox (Fig. 4A). However, when Col-0 was submitted to
drought treatment in a calibration stage to calculate the
threshold for estimating SR, the drying period until the
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Fig. 3 Fv//Fm’analysis among different Arabidopsis accessions under drought conditions. (A) Fv'/Fm’values from Col-0, Ler-0, C24, and Kondara acces-
sions in well-watered conditions. Letters, significant differences (n=18 plants, three independent experiments, one-way ANOVA and Tukey’s HSD test,
P<0.01). (B) Single measurements of drought-treated plants before recovery irrigation. Redline, threshold estimated by a GLM with a training sample size
of 50 measurements and validated in the remaining 10 measurements (1000 iterations); R, point biserial correlation coefficient (n=60 plants, three inde-
pendent experiments). (C) Adult plants from different Arabidopsis accessions submitted to a severe drought treatment before (upper) and after (lower)

receiving a recovery irrigation. Labels, Fv’/Fm’values

perishing state decreased from 30 to 16 days and, in the
same way, the threshold between surviving and dead
plants determined in the previous experiments increased
from 0.48 to 0.59 (Fig. 4B), indicating that drying speed
affects the QY state at which Col-0 can remain viable.

In the application stage, where Col-0 was compared
with the lines ATAFI-20x and PLATZI-80x, the new
threshold was used to get an estimated value of the

possible SR of Col-0 every hour during the last day of the
drought treatment. Recovery irrigation was supplied once
the estimated Col-0 SR fell below the survival limit of
10% (Supplementary Fig. S1C). Although the correlation
between Fv’/Fm’ and Col-0 survival in these experiments
was lower (R=0.70) than the previously obtained experi-
ment (R=0.84), the use of this new threshold for Col-0
(0.59) (Fig. 4B) to determine the best time for recovery
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Fig. 4 Correlation between Fv'/Fm’and drought survival in drought-tolerant Arabidopsis transgenic lines. (A) Fv'’/Fm’exhibited by Col-0, ATAF1-20x, and
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ments of drought-treated plants before receiving a recovery irrigation. Redline, threshold estimated by a GLM; R, point biserial correlation coefficient
(n=75 plants, three independent experiments). Legend in C) also applies to B). (D) Col-0, ATAF1-20x and PLATZ1-80ox plants under a severe drought treat-
ment before (upper) and after (lower) receiving a recovery irrigation. Labels, Fv'/Fm’values

irrigation gave as result a Col-0 SR of 9.3% (Supplemen-
tary Fig. S1D), that is, lower than 10% as expected, with a
predictive accuracy of 97% (Fig. 4C, D). At the same time,
we observed significantly higher SRs for the ATAFI-
20x and PLATZI-8ox transgenic lines (73.3 and 69.3%,
respectively) (Supplementary Fig. S1D). In addition, since
the Fv'/Fm’ values taken from ATAFI-20x and PLATZI-
8ox also had a high correlation index with the survival of
these lines (R=0.79 and 0.76), it was possible to calibrate

efficient thresholds by a GLM for both transgenic lines,
being these 0.49 and 0.50 with predictive efficiencies of
92 and 93%, respectively (Fig. 4C, D). This suggests that
Fv’/Fm’ can be used to estimate, before recovery irriga-
tion, the SR of different Arabidopsis lines after a severe
drought treatment.
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Discussion

Plant phenotyping for drought tolerance is crucial for
developing drought-resilient crop varieties and establish-
ing farming practices to help alleviate the havoc caused
by climate change. This requires the generation of robust,
non-destructive phenotyping methodologies to quantita-
tively evaluate the tolerance level among different plant
genotypes. SR has been widely used as one of the most
direct parameters to assay the levels of stress plant toler-
ance under severe drought conditions. Nevertheless, the
main inconvenience related to its use is the need for reli-
able methods to determine the optimal time to add the
recovery irrigations and avoid the disruption of different
parts of the tested plants or even whole individuals.

Our results showed that Fv/Fm and Fv/Fm’' aver-
ages of dying plants are considerably lower than those
of surviving plants after severe drought recovery. More-
over, we found that the individual measurements of Fv’/
Fm’ take a broader spread that permits better separating
the values of surviving and dead plants, allowing us to
more accurately determine a threshold that predicts the
SR of drought-treated plants. In previous works, pho-
tosynthetic parameters like chlorophyll a fluorescence
and Fv/Fm, estimated by image analysis, were reported
as survival predictors. In these experiments, measure-
ments were recorded before dawn since these parameters
require a stage of dark adaptation to be determined [31,
32]. Nevertheless, drought survival can change drastically
during the light part of the photoperiod (Fig. 2, Supple-
mentary Fig. S1C), making the continuous monitoring
of QY during the day imperative. Dark adaptation under
light conditions can be achieved by placing the plants in
a light isolation chamber [46], using covers like alumi-
num foil sheets [32], or with specialized leaf clamps or
clips [47, 48], which increase the risk of damage to the
tissues and make this a time-consuming task. In a criti-
cal point of drought treatment, when measurements are
needed every hour, time for dark adaptation is unsuitable
when many samples need to be processed. Measurement
of Fv/Fm’ with the PAR FluorPen FP110/P takes only
3 s and offers the advantage of providing a survival pre-
diction without dark adaptation, allowing the handling
of many samples per experiment. However, one point
to consider when using photosynthetic parameters in
light-adapted plants is the changes these could present
depending on PAR intensity. This leaves the need to make
all the measurements at a fixed PAR, which can consti-
tute a challenge for evaluations under field or greenhouse
conditions. To overcome this, some research groups
apply actinic light at a defined intensity with the fluorom-
eter device to simulate light adaptation [28], abolishing
the advantage discussed here on time saving. Our results
showed that the QY curve in Arabidopsis is strongly and
negatively correlated to PAR intensity (Fig. 1A). Similar
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results have been reported in tomato (Solanum lycoper-
sicum Mill.) and rice (Oryza sativa L.) under controlled
conditions [49, 50] and for other photosynthetic param-
eters, such as F690/F730 [51]. This opens the possibility
of generating curves of the Fv’/Fm’ trend with respect to
changes in PAR, allowing researchers to interpolate and
compare the Fv'/Fm’ values obtained at different PAR
intensities. Nonetheless, several measurements could be
required for more accurate estimations since data varia-
tion around the regression line could reduce the predic-
tive precision (Fig. 1A).

Plant survival is assessed as the ability of a plant to
resume its physiological functions and produce new tis-
sues and organs after a dreadful stress event; hence, sur-
vival closely depends on the ability of the plant to ensure
the viability of the meristems [52]. Meristematic cells
cannot photosynthesize since they lack functional chlo-
roplasts, but the immediate cells, such as leaf primor-
dium, maintain a high photosynthetic activity to provide
photosynthates to meristems [53]. Furthermore, under
stress conditions, plants activate senescence programs
in old leaves that prioritize the survival of the youngest
ones [54], which are proximal to the meristematic zone.
For this reason, in plants with rosette morphology, such
as Arabidopsis, which maintain their survival priority
in the center of the plant, it is preferable to choose the
zones closest to meristems when using probe devices like
PAR FluorPen FP 110/P that can only take measurements
in reduced areas. The probe of PAR FluorPen FP 110/P
is wide enough to cover all the shoot apical meristem
and the surrounding area when pointed to the center of
the rosette perpendicularly, making it possible to obtain
measurements that can be accurately correlated with the
probability of a plant to survive.

Different Arabidopsis accessions and genetically modi-
fied lines have been used to unveil the biological mecha-
nisms behind drought tolerance. One of the most widely
used parameters to measure drought tolerance among
different lines is SR; however, its main limitation is the
ambiguity of the criteria to determine the time for sup-
plying the recovery irrigation, which can lead to inaccu-
rate results with high variability. We demonstrated that
Fv’/Fm’ is a good survival predictor in different Arabi-
dopsis accessions and transgenic lines, suggesting its gen-
eral application to estimate the SR of the line used as a
reference by monitoring its Fv’/Fm’ at critical points of
drought treatment. The researcher will determine the cri-
teria for resuming irrigation depending on what is pre-
tended to be observed, and this can be repeated through
independent experiments to get reproducible results. In
this regard, our results showed that using Fv’/Fm’ to esti-
mate the SR of the control line (Col-0), it was possible
to resume irrigation at an adequate time to replicate the
results previously reported for PLATZ1 and ATAFI, i.e.,
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constitutive expression of these genes increases the abil-
ity of Arabidopsis to survive under drought conditions in
which Col-0 presents low SR [40, 41].

The results of this study showed that the tested accessions
Ler-0, C24 and Kondara, and the transgenic lines ATAFI-
2o0x and PLATZ1-80ox presented considerably lower thresh-
olds in comparison with Col-0, indicating that, under severe
levels of drought stress, they can maintain viability at lower
photosynthetic rates than Col-0. This could conserve a tight
relation with the high drought tolerance previously reported
for C24 [55] and the lines overexpressing the genes ATAF1
and PLATZ1 [40, 41]. In addition, our results suggest that
the rate of soil water loss also influences the Fv'/Fm’ value
at which a plant can remain viable. When the drying time of
the drought treatment decreased from 30 to 16 days, Col-0
plants could not survive at Fv’/Fm’ values under 0.59, which
could be putatively attributed to the reduction of the win-
dow of time to generate adaptation responses. Altogether,
these results indicate that the ability of a plant to remain
viable until low QY values is closely linked to its capacity to
activate efficient responses to cope with the stress and pro-
tect the photosynthetic machinery. This strongly depends
on the genotype and the time to respond to the stress.
Further experiments are being carried out to validate this
hypothesis.

Conclusion

In this study, we report a simple method based on mea-
suring the chlorophyll a fluorescence parameter Fv'/Fm’
to predict SR among Arabidopsis plant genotypes sub-
jected to severe drought stress after a calibration stage
where the threshold between alive and dead samples is
set up. This parameter provides a quantitative criterion
that highly correlates with loss of plant viability and can
be quickly measured with a PAR FluorPen FP 110/P, elim-
inating the time and effort for dark adaptation of samples.
The PAR FluorPen FP 110/P is an inexpensive and easy-
to-handle probe-based fluorometer that allows getting
large amounts of data in a short time. Moreover, the por-
tability of this device and the conditions required to mea-
sure Fv’/Fm’ allow its application under greenhouse and
field conditions. Overall, the results presented here dem-
onstrate the suitability of Fv'/Fm’ as a rapid, non-invasive
drought survival predictor that can complement existing
methodologies to accurately determine the drought tol-
erance level in different Arabidopsis genotypes.

Abbreviations

GLM  Generalized Linear Model

PAR Photosynthetic Active Radiation
QY Quantum Yield

SR Survival rate
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