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Description of the subject. It is common for cultivated plants to face a single water deficit event, but in the wild plants are 
exposed to repeated cycles of drought and rehydration and the consequences of such repetitive events are less well understood. 
Objectives. The objective of this study was to understand how crambe’s performance under water limiting conditions is 
affected by previous exposure to water deficit. 
Method. Crambe plants were grown in 5.5 l pots and exposed to one (1WD) or three (3WD) water deficit cycles. As reference, 
plants were grown with daily irrigation. At the end of three water deficit cycles, the leaf anatomy, leaf relative water content 
(RWC), stomatal conductance, extravasation of electrolytes and chlorophyll fluorescence were analyzed. 
Results. Under water deficit, RWC significantly decreased in 1WD plants. However, in plants of the FMS CR 1307 lineage, 
the application of three water deficit cycles did not change the RWC and decreased the stomatal conductance and extravasation 
of electrolytes compared to the reference plants. Likewise, the kinetic difference in chlorophyll fluorescence (K-band and 
L-band) indicated improved stability and efficiency in utilizing energy. 
Conclusions. Our results show that the drought stress imposed three times induced adjustments in the physiology and anatomy 
of crambe plants. The FMS CR 1307 lineage was better able to store information from previous stressful events than the FMS 
Brilhante and FMS CR 1326 lineages, showing better performance under water deficit.
Keywords. Chlorophyll a fluorescence, drought stress, adaptation, drought tolerance, stress memory, leaf anatomy. 

Réponses physiologiques et anatomiques de Crambe abyssinica à une exposition répétée au déficit hydrique
Description du sujet. Les réponses des plantes à un seul épisode de sècheresse sont assez courantes. Cependant, dans la 
nature, les plantes sont exposées à des cycles répétés de sècheresse et de réhydratation, et les conséquences de ces épisodes de 
sècheresse répétitifs sont moins bien comprises. 
Objectifs. L’objectif de cette étude était de comprendre comment la performance du crambe dans des conditions limitantes en 
eau est affectée par une exposition antérieure au déficit hydrique. 
Méthode. Les plantes de crambe ont été cultivées dans des pots de 5,5 l et exposées à un (1DH) ou trois (3DH) cycles de déficit 
hydrique. À titre de référence, les plantes ont été cultivées avec une irrigation quotidienne. À la fin de trois cycles de déficit 
hydrique, l'anatomie des feuilles, la teneur en eau relative des feuilles (RWC), la conductance stomatique, l’extravasation des 
électrolytes et la fluorescence de la chlorophylle ont été analysées.
Résultats. En cas de déficit hydrique, la RWC a considérablement diminué dans les plantes à 1DH. Cependant, dans les 
plantes de FMS CR 1307, l’application de trois cycles de déficit hydrique n’a pas changé le RWC et a diminué la conductance 
stomatique et l’extravasation des électrolytes par rapport aux plantes de référence. De même, la différence cinétique dans la 
fluorescence de la chlorophylle (bande K et bande L) a indiqué une stabilité et une efficacité améliorées dans l’utilisation de 
l’énergie.
Conclusions. Nos résultats montrent que le stress de sècheresse imposé sur trois cycles de déficit hydrique induit des 
ajustements dans la physiologie et l’anatomie des plantes de crambe. La lignée FMS CR 1307 était mieux en mesure de stocker 
les informations des évènements stressants précédents, améliorant ainsi ses performances en cas de déficit hydrique.
Mots-clés. Fluorescence de la chlorophylle a, stress dû à la sécheresse, adaptation, tolérance à la sécheresse, mémoire de 
stress, anatomie foliaire.
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1. INTRODUCTION

Among the environmental conditions affecting plants, 
drought is the main stress factor affecting the growth, 
development and yield of crops (Zhang et al., 2018a). 
Drought can affect plants in several ways. One of 
the first effects of water deficit in plants is stomatal 
closure, which is regulated by abscisic acid (ABA). 
The stomatal closure to avoid water loss through 
transpiration can lead to a reduction in the photosystem 
II (PSII) efficiency. In addition, this causes limitations 
in CO2 absorption in the mesophyll, which consequently 
reduces its fixation (Mehta et al., 2010; Flexas et al., 
2012; Marcos et al., 2018). In scientific studies, plants’ 
responses to drought are generally analyzed with 
respect to a single water deficit event. 

In nature, plants are exposed to recurrent cycles 
of water deficit and rehydration, and the responses 
to these repeated events are still not well understood 
(Fleta-Soriano & Munné-Bosch, 2016; Menezes-Silva 
et al., 2017). According to Mickelbart et al. (2015), 
plants generally exhibit stress tolerance or avoid stress 
through mechanisms of acclimation and adaptation 
that evolved through natural selection. Thus, after 
stress recognition, plants regulate their responses to 
reestablish cellular homeostasis, reducing the effects 
of immediate stress. These changes in the acclimation 
period tend to allow plants to respond faster and more 
efficiently to future environmental stresses (Fleta-
Soriano & Munné-Bosch, 2016; Marcos et al., 2018), 
enabling them to live in a great diversity of habitats 
(Fleta-Soriano & Munné-Bosch, 2016).

Studies of previous exposure to one or repeated 
cycles of various abiotic stresses (water deficit, 
salinity, high temperature) have demonstrated this 
improvement in plant resistance to future exposure, a 
reaction known as “stress memory” (Hu et al., 2015; 
Hu et al., 2016; Zhang et al., 2018a; Marcos et al., 
2018). When potato plants (Solanum tuberosum L. cv 
Atlantic) were exposed to water deficit, they showed 
increases in the leaf relative water content (RWC) 
and leaf thickness, increasing water storage capacity, 
preventing excessive transpiration and ensuring more 
efficient water use (Zhang et al., 2018a). Increases 
in root biomass of sugarcane plants (Saccharum spp. 
variety IACSP94-2094) submitted to three water 
deficit cycles caused improved water uptake (Marcos 
et al., 2018). Reductions in electrolyte extravasation 
were observed in plants of Lolium perenne L. (cv. 
‘Quickstart II’) exposed to salinity (Hu et al., 2016), 
while improved recovery of PSII by decreased 
inhibition of photosynthetic electron transport fluxes 
was noted in Festuca arundinacea Schreb. plants 
exposed to high temperatures (Hu et al., 2015).

The majority of studies reporting stress memory 
have used analysis of transcriptome, epigenome, 

proteome and metabolome (Hu et al., 2015; Hu et al., 
2016; Fleta-Soriano & Munné-Bosch, 2016; Menezes-
Silva et al., 2017). However, these techniques are 
expensive and time-consuming. In this study, we 
investigated stress memory utilizing analyses of simple 
morphophysiological aspects, such as chlorophyll 
a fluorescence. This method is highly sensitive in 
detecting plant responses and has been widely used to 
assess the tolerance of a species/genotype to abiotic 
stresses (Mehta et al., 2010). 

Crambe abyssinica Hochst. is an annual plant native 
to the coastal region of Ethiopia, but now cultivated 
in many tropical and subtropical regions. The crop 
has high potential to produce biodiesel (Batista et al., 
2018). Its cultivation has many agronomic advantages, 
such as low nutritional requirements and high 
morphological plasticity (Zanetti et al., 2016), allowing 
crop rotation and providing a source of clean energy, 
helping to mitigate global warming. The crambe FMS 
Brilhante lineage is considered tolerant to water deficit 
(Lara-Fioreze et al., 2013; Martins et al., 2017), but 
the responses of the FMS CR 1307 and 1326 lineages 
to water deficit are still unknown. The physiological 
responses of these two lineages may be related to the 
natural selection process, since they came from natural 
cross-breeding between different FMS Brilhante 
genotypes.

In order to understand how crambe’s performance 
under drought conditions is affected by previous 
exposure to water deficits, we evaluated the 
photochemical adjustments of plants through 
chlorophyll a fluorescence analyses; changes in relative 
water content (RWC) and anatomic characteristics of 
the diffusive system through stomatal conductance 
measurements (gs); and cell membrane stability through 
analysis of extravasation of electrolytes (EE). We 
hypothesized that crambe plants subjected to previous 
droughts would exhibit improved performance, 
achieved through changes in morphophysiology under 
water deficit.

2. MATERIALS AND METHODS

2.1. Plant growth and experimental design

The experiment was conducted in a greenhouse 
(18°43’S longitude, 39°51’W latitude, altitude of 
39 m) from June to September. Seeds of crambe (FMS 
Brilhante, FMS CR 1307 and 1326 lineages) were 
obtained from the Mato Grosso do Sul Foundation (MS 
Foundation), in Maracaju, MS. Seeds were previously 
disinfested with 70% ethanol for 2 min, 1% sodium 
hypochlorite (v/v) for 20 min and Ridomil® fungicide 
for 10 min, followed by triple lavage with autoclaved 
distilled water. Then the seeds were placed to germinate 
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in 5.5 l pots (15 seeds per pot) filled with soil (75.5% 
sand, 17.2% clay and 5.2% silt). The soil was submitted 
to previous chemical analysis to correct nutrient and 
pH levels. Thirty grams of single super phosphate 
was added per pot three times during the experiment. 
In addition, applications of insecticide (Evidence®) 
and fungicide (Ridomil®) were performed according 
to culture manual. After 20 days, the seedlings were 
thinned to one per pot.

The plants were irrigated daily for 36 days to 
maintain the soil moisture around 80% of field capacity 
(≈ 0.20 m3·m-3), after which they were divided into 
three groups:
– plants irrigated daily (continuously irrigated - CI);
– plants submitted to one water deficit cycle (1WD); 
– plants submitted to three water deficit cycles with 

periods of water deficit recovery (3WD) (Menezes-
Silva et al., 2017). Soil water levels (m3.m-3) were 
monitored using a soil water sensor (ProCheck, 
version 4, Decagon Devices).

Each water deficit cycle was imposed by suspending 
the irrigation until the soil moisture content reached 
approximately 30% (≈ 0.06 m3.m-3) and the stomatal 
conductance of plants reached values below 10 mmol 
m2.s-1, which occurred after seven days. The recovery 
phase occurred after four days; the time required for the 
stomatal conductance (gs) of plants submitted to water 
deficit to reach the values observed in the continuously 
irrigated (CI) plants. After the full recovery from 
the water deficit cycle (seven days of water deficit 
and four days of recovery), two additional cycles of 
water deficit were applied to plants, totaling three 
water deficit cycles (3WD), as described above. These 
cycles were similar in intensity and duration, and all 
treatments (CI, 1WD and 3WD) were evaluated at the 
same time at the end of the experiment. Therefore, 
the measurements were performed at the end of the 
dehydration and rehydration, phase of the first and 
third dry cycle (at 4 days after the soil moisture reached 
the values observed in the plants irrigated continuously 
[CI]). Thus, the plants were same age at the end of the 
experiment. All measurements were made between 
5 a.m. and 10 a.m. in fully expanded leaves (third or 
fourth leaf from the apex).

2.2. Leaf relative water content (RWC), stomatal 
conductance (gs) and extravasation of electrolytes 
(EE)

Leaf relative water content (RWC), stomatal 
conductance (gs) and extravasation of electrolytes (EE) 
were measured in three (n = 3), nine (n = 9) and three 
(n = 3) plants per treatment, respectively, at the end 
of the experiment. RWC was determined following the 
methods proposed by Barrs & Weatherley (1962). The 

stomatal conductance was measured on the abaxial 
leaf surface using a leaf porometer (SC-1, Decagon 
Devices). The degree of membrane integrity was 
determined by measuring extravasation of electrolytes 
(EE) as described by Bajji et al. (2002) with 
modifications. For such analysis, fresh leaves (5 mm 
diameter leaf discs) were randomly harvested and 
washed with distilled water. Leaf discs were placed in 
test tubes containing 20 ml of distilled and deionized 
water at room temperature on a rotary shaker for 6 h. 
Subsequently, the initial electrical conductivity of the 
medium (EC1) was evaluated. Afterward, the tubes 
with the discs were placed for 2 h at 90 ºC in a water 
bath (EC2). Test tubes containing 20 ml of distilled and 
deionized water were used as control, which were also 
exposed to the same conditions (at room temperature 
[C1] and at 90 ºC for 2 h in a water bath [C2]). The EE 
was expressed as a percentage using the formula: 

(EC1 - C1) / (EC2 - C2) x 100.

2.3. Chlorophyll a fluorescence analysis

The chlorophyll a fluorescence transients were 
measured in nine plants per treatment (n = 9) at the 
end of the experiment using a fluorometer (Handy-
PEA, Hansatech, King’s Lynn, Norfolk, UK). All 
measurement procedures were based on Braga et al. 
(2020). The fluorescence kinetics and the JIP test 
parameters (Table 1) were analyzed according to 
Strasser et al. (2004), Stirbet & Govindjee (2011), and 
Wang et al. (2016). 

2.4. Leaf anatomy analysis

At the end of the experiment for each treatment, the 
thickness of the spongy and palisade parenchyma, 
number of xylem vessels were determined in seven 
leaves from different plants (n = 7). The collected 
samples were fixed in FAA (formaldehyde, acetic acid, 
and 50% ethanol, 0.5:/0.5:/9, v/v) and stored in 50% 
ethanol (Johansen, 1940). Cross-sections were made in 
the middle region of leaves (third fully expanded leaf 
from the apex). The sections were visualized and the 
images captured with a Leica DM 1,000 light microscope 
coupled to a Leica ICC50 HD digital camera (Wetzlar, 
Germany). The UTHSCSA-Imagetool® software 
was used to measure the anatomical characteristics as 
revealed by the photomicrographs.

2.5. Analysis of growth traits

The growth analysis consisted of measuring the leaf 
area, root and shoot dry weight. Nine plants (n = 9) were 
evaluated in each treatment at the end of the experiment. 
The leaf area was determined using a LI-COR leaf area 
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meter (Model LI-3100). Root and shoot dry weight were 
determined in grams (g) after the plants were placed in 
paper bags and dried for 72 h at 60 ºC.

2.6. Statistical analysis

The experimental design was completely randomized 
in a factorial scheme consisting of different cycles of 
water deficit (plants continuously irrigated [CI]; plants 
exposed to one water deficit cycle [1WD]; and plants 
exposed to three water deficit cycles [3WD]) and three 
crambe lineages (FMS Brilhante, FMS CR 1307 and 
CR 1326), with nine replicates (nine pots/one plant per 
pot) per treatment. The data were submitted to analysis 
of variance (ANOVA) and the means were compared 
using the Tukey test (p < 0.05 or p < 0.001) using 
the statistical program Sisvar® (Ferreira, 2014). The 
results were presented as mean ± standard deviation 
(SD). In addition, the relative standard deviation was 
presented as the percent coefficient of variation (CV%).

3. RESULTS

3.1. Leaf relative water content (RWC), stomatal 
conductance (gs) and extravasation of electrolytes 
(EE)

Significant differences (p ≤ 0.001) in leaf relative 
water content (RWC) related to water deficit cycles 

and crambe lineages (FMS Brilhante, FMS CR 1307 
and 1326) were observed (Figure 1A). At the end 
of the first (1WD) and the third cycle (3WD), visual 
symptoms of leaf wilt were evident in all plants. Plants 
exposed to one water deficit cycle (1WD) showed 
lower leaf relative water content than the continuously 
irrigated (CI) plants (Figure 1A). After three water 
deficit cycles (3WD), all crambe lineages showed 
some increase of RWC compared to the plants exposed 
to 1WD cycle. However, only FMS CR 1307 showed 
RWC values statistically similar to the continuously 
irrigated plants (CI) at 3WD (84.5% and 85.5%, 
respectively).

The stomatal conductance values in plants that 
experienced 1WD cycle decreased only in FMS 
CR 1307 compared to the CI plants and was higher 
in the 3WD plants (p ≤ 0.001) (Figure 1B). When the 
crambe lineages were compared under water deficit, 
FMS CR 1307 showed the lowest gs values after one 
and three cycles, while similar gs values were observed 
for FMS Brilhante and FMS CR 1326 (Figure 1B). 

Regarding the degree of membrane integrity, the 
EE increased in FMS CR 1326 plants exposed to one 
and three water deficit cycles but decreased in FMS 
CR 1307 submitted to three water deficit cycles, 
with no change observed for one water deficit cycle 
(Figure 1C). Comparing all lineages at 3WD, FMS 
CR 1326 showed increases of about 26.8 and 54.2% 
compared to FMS Brilhante and FMS CR 1307, 
respectively, and about 65% in comparison to CI plants.

Table 1. Abbreviations of the parameters, formulas and description of the data derived from chlorophyll a fluorescence 
transients — Abréviations des paramètres, formules et description des données dérivées de la fluorescence transitoire de la 
chlorophylle a.
Fluorescence parameters Description
Extracted fluorescence parameters

F0 Initial fluorescence
Fm Maximum fluorescence
Ft Fluorescence at time t after start of actinic illumination
F20 µs Minimum fluorescence signal measured at 20 µs (corresponds to F0)
FK = F0.3ms Fluorescence intensity at 0.3 µs
FJ = F2ms Fluorescence intensity at 2 ms
FI = F30ms Fluorescence intensity at 30 ms
FP = F 300ms ≈ Fm Fluorescence intensity at 300 ms

Specific energy fluxes 
ABS/RC = M0 × (1/VJ) × (1/φP0) Absorption flux per reaction center (RC) at t = 0
TR0/RC = M0 × (1/VJ) Trapping flux (leading to QA reduction) per RC at t = 0
ET0/RC = M0 × (1/VJ) × ψE0 Electron transport flux (further than QA

−) per RC at t = 0
DI0/RC = (ABS/RC) − (TR0/RC) Dissipated energy flux per RC at t = 0 

For a review, see Strasser et al. (2004) and Wang et al. (2016) — pour une synthèse bibliographique, voir Strasser et al. (2004) et Wang 
et al. (2016).
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3.2. Chlorophyll a fluorescence transients

Chlorophyll a fluorescence transient OJIP reflects the 
dynamics of oxirreduction processes involved in the 
electron transference between plant photosystems. As 
shown in figure 2A, 1WD and 3WD plants showed a 
typical polyphasic OJIP shape (Stirbet & Govindjee, 
2011), from a basal level (F0) to a maximum level 
(Fm), and the J and I steps were well defined. The 
variable relative fluorescence between the O and J 
steps [obtained at 0.02 and 2 ms, respectively and 
presented as VOJ = (Ft -F0) / (FJ–F0)] and between O 
and K steps [0.02 and 30 ms, respectively, presented as 
VOK = (Ft–F0)/(FK– F0)] were normalized and showed 
kinetic differences of ΔVOJ = VOJ(treatment) - VOJ(control) and 
ΔVOK = VOK(treatment) - VOK(control), respectively (Figure 2B 
and C). The kinetic difference ΔVOK and ΔVOJ made 
the L- and K-bands visible, with peaks around 0.26 
and 0.16 ms, respectively.

Overall, L- and K-bands with positive amplitudes 
were observed for all crambe lineages analyzed. In 
both FMS Brilhante and FMS CR 1326, the stability 
of the oxygen-evolving complex (OEC) (K-band) 
decreased (p ≤ 0.001) after 3WD cycles. In FMS 
CR 1307, negative and significant values of K-band 
were observed after 3WD (see insert in figure 2B). 
Furthermore, the energetic connectivity (L-band) 
values were significantly lower (p ≤ 0.001) in FMS 
CR 1307 treated with 3WD cycles (see insert in 
figure 2C). However, these alterations were not 
significant for FMS Brilhante and FMS CR 1326 
(Figure 2C). Among the lineages, the lowest K- and 
L-band values were observed for FMS CR 1307 
submitted to water deficit.

The parameters of specific energy fluxes varied 
significantly (p ≤ 0.05) as a function of repeated 
exposures to water deficit, except for the FMS 
Brilhante lineage. However, no difference was 
observed between lineages (Table 2). For FMS CR 
1326, plants 1WD and 3WD showed increased TR0/
RC and ET0/RC. For FMS CR 1307, increases in the 
ABS/RC, TR0/RC and ET0/RC were noted at 1WD 
and 3WD. There were significant decreases in DI0/
RC and RC/ABS, and the lowest values were found in 
3WD plants, which was similar to that obtained in the 
control plants (Table 2).

3.3. Leaf anatomy

Both mesophyll and spongy parenchyma thickness 
were influenced by the water regimes (p ≤ 0.001), but 
this influence was independent of lineage. Significant 
increases of mesophyll and spongy parenchyma 
thickness values were observed in plants submitted to 
3WD (9.0% and 10.8%, respectively) compared to CI 
plants (Table 3).
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Figure 1. Leaf relative water content (RWC) (A), stomatal 
flow rate gs (B) and extravasation of electrolytes (EE) (C) 
of three Crambe abyssinica lineages under continuous 
irrigation (CI) or subject to one (1WD) or three drought 
events (3WD) and subsequent recovery — Teneur en eau 
relative des feuilles (TER) (A), débit stomatique (ds) (B) 
et fuite d’électrolyte (FE) (C) de trois lignées de Crambe 
abyssinica sous irrigation continue (IC) ou soumises à un 
cycle de déficit hydrique (1DH) ou trois cycles de déficit 
hydrique (3DH) et récupération ultérieure.

Columns followed by the same letter, uppercase for water regime 
and lowercase for lineage, do not differ significantly from each 
other according to the Tukey test, p ≤ 0.001 (± SD) — Les 
colonnes suivies de la même lettre, majuscules pour le régime 
hydrique et minuscules pour le génotype, ne diffèrent pas 
significativement les unes des autres selon le test de Tukey, 
p ≤ 0,001 (± ET).
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The palisade parenchyma thickness and number of 
xylem vessels differed (p ≤ 0.05) in function of water 
deficit cycles and crambe lineages. The exposure of 
FMS Brilhante and FMS CR 1307 to 1WD increased 
the palisade parenchyma thickness compared to the CI 
plants. All lineages submitted to 3WD showed similar 
palisade parenchyma thickness values to that found in 
CI, evidencing full recovery (Figure 3). For FMS CR 
1326, no change in the palisade parenchyma thickness 
was observed after the first water deficit cycle, but after 
3WD, reduction of 41.7% in thickness was observed. 
Comparing all lineages after 3WD, FMS CR 1326 
showed decreases in the palisade parenchyma thickness 
of about 54.3 and 43.9% compared to FMS Brilhante and 
FMS CR 1307, respectively (Figure 3A). Reductions 
in the number of xylem vessels were observed in FMS 
Brilhante after 1WD and 3WD (24.7% and 52.4%, 
respectively) compared with CI plants (Figures 3B 
and 4). No change in vessel number was observed for 
FMS CR 1307 and 1326 (Figure 3B).  

3.4. Analysis of growth

The root dry matter, shoot dry matter and leaf area 
values of crambe plants varied significantly (p ≤ 0.001) 
independently of lineage (Table 4). Increases in root 
dry matter of plants exposed to 1WD and 3WD were 
observed (≈ 35.0% and 46.9%, compared to CI plants). 
In addition, decreased shoot dry matter and leaf area 
values were obtained when the plants were exposed 
to 1WD and 3WD cycles (approximately 139.3% and 
226.6%, respectively for shoot dry matter and 108.3% 
and 94.3%, respectively, for leaf area). However, the 
alterations observed in leaf area between 1WD and 
3WD were not significant (Table 4).

4. DISCUSSION

Under drought stress, the RWC tends to decline, which 
is directly related to soil water content. This parameter 
is an important indicator of water stress level in plants 
(Kumar et al., 2018). In our study, the increase of RWC 
in 3WD plants compared to 1WD plants suggests 
increased capacity of crambe plants to retain water and 
more efficient water use with each water deficit cycle. 
However, only the FMS CR 1307 lineage showed 
full recovery of RWC values after 3WD compared 
with continuously irrigated plants (CI). These higher 
RWC values of 3WD plants were associated with the 
decreases observed in gs, which likely reduced the 
loss of water through leaf transpiration (Gao et al., 
2018), improving water maintenance in leaf tissue. 
The higher RWC values observed in lineage FMS CR 
1307 under water deficit is associated with its greater 
ability to maintain high water content in the leaf tissue 

Figure 2. Fluorescence intensity (A), VOJ (B), and VOK (C) 
obtained through the double normalization of O-J (ΔVOJ = 
VOJ(treatment) - V OJ(control)) and O-K (ΔVOK = VOK(treatment)-VOK(control)) 
respectively, of three Crambe abyssinica lineages under 
continuous irrigation (CI) or subject to one (1WD) or three 
(3WD) drought events and subsequent recovery — Intensité 
de fluorescence (A), VOJ (B) et VOK (C) obtenue par la double 
normalisation de O-J (ΔVOJ = VOJ(traitement) -VOJ(contrôle)) et O-K 
(ΔVOK = VOK (traitement) -VOK (contrôle)) respectivement de trois 
lignées de Crambe abyssinica sous irrigation continue ou 
soumises à un ou trois épisodes de sécheresse et à une récu-
pération ultérieure. 
Columns followed by the same letter do not differ significantly 
from each other according to the Tukey test, p ≤ 0.001 
(± SD) — Les colonnes suivies de la même lettre ne diffèrent 
pas significativement les unes des autres selon le test de Tukey, 
p ≤ 0,001 (± ET).
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under water deficit conditions, compared to the FMS 
Brilhante and FMS CR 1326 plants. 

The maintenance of RWC is also evidenced by 
osmoregulatory mechanisms (Marcos et al., 2018). 
Osmoregulation ensures the preservation of protein 
structures and functions under low water availability 

(Verlues et al., 2006; Li et al., 2020). By comparing 
the lineages after 3WD cycles, the reductions observed 
for EE in FMS CR 1307 served as an indication of less 
damage to the cell membranes, suggesting the presence 
of osmoregulation. According to Bajji et al. (2002), the 
cell membrane is one of the first structures affected by 

Table 2. JIP test parameters of leaves of three Crambe abyssinica lineages submitted to repeated water deficit 
cycles — Paramètres de test JIP de feuilles de trois lignées de Crambe abyssinica soumises à un déficit hydrique répété.
Lineage Water regime ABS/RC TR0/RC ET0/RC DI0/RC RC/ABS
FMS Brilhante CI 1.98 ± 0.09 ns 1.64 ± 0.06 ns 1.08 ± 0.08 ns 0.33 ± 0.02 ns 0.50 ± 0.02 ns

1WD 2.06 ± 0.13 ns 1.70 ± 0.09 ns 1.09 ± 0.07 ns 0.35 ± 0.03 ns 0.48 ± 0.03 ns
3WD 1.94 ± 0.06 ns 1.63 ± 0.04 ns 1.07 ± 0.04 ns 0.31 ± 0.01 ns 0.51 ± 0.01 ns
CV (%) 4.89 4.48 6.53 7.79 4.93

FMS CR 1307 CI 1.80 ± 0.05b 1.52 ± 0.04b 1.03 ± 0.04b 0.28 ± 0.01b 0.55 ± 0.01a

1WD 1.96 ± 0.01a 1.63± 0.02a 1.06 ± 0.03ab 0.32 ± 0.01a 0.51 ± 0.00b

3WD 1.88 ± 0.07ab 1.58 ± 0.06ab 1.10 ± 0.04a 0.29 ± 0.01b 0.53 ± 0.02a

CV (%) 2.88 3.02 3.63 5.35 2.77
FMS CR 1326 CI 1.85 ± 0.09 ns 1.55 ± 0.07b 0.99 ± 0.07b 0.30 ± 0.02 ns 0.54 ± 0.02 ns

1WD 2.03 ± 0.019 ns 1.76 ± 0.11a 1.16 ± 0.08a 0.38 ± 0.07 ns 0.47 ± 0.04 ns
3WD 2.14 ± 0.20 ns 1.68 ± 0.13ab 1.13 ± 0.07a 0.35± 0.07 ns 0.49 ± 0.05 ns
CV (%) 8.62 6.70 7.09 18.68 8.83

ABS/RC, TR0/RC, ET0/RC, DI0/RC, RC/ABS: voir tableau 1 — see table 1; CI: continuously irrigated — irrigué régulièrement; 
1WD: subject to one drought event — sujet à un cycle de déficit hydrique; 3WD: subject to three drought events and subsequent 
recovery — sujet à trois cycles de déficit hydrique et récupération ultérieure; in each JIP test parameter, means followed by the same 
letter do not differ significantly from each other according to the Tukey test, p ≤ 0.001 (± SD) — dans chaque paramètre du test JIP, les 
moyennes suivies de la même lettre ne diffèrent pas significativement les unes des autres selon le test de Tukey, p ≤ 0,001 (± SD).

Table 3. Anatomical structures of Crambe abyssinica lineages submitted to repeated water deficit cycles — Structure 
anatomique des lignées de Crambe abyssinica soumises à un déficit hydrique répété.
Water regime Mesophyll (µm) Spongy parenchyma (µm)
CI 280 ± 20.65b 119.31 ± 14.61b

1WD 296 ± 22.26ab 117.17 ± 10.45b

3WD 308 ± 28.72a 133.85 ± 17.82a

CV (%) 7.49 11.09
CI, 1WD, 3WD, a, b: see table 2 — voir tableau 2.

Table 4. Growth of Crambe abyssinica lineages submitted to repeated water deficit cycles — Croissance de lignées de 
Crambe abyssinica soumises à un déficit hydrique répété.
Water regime Root dry matter (g.plant-1) Shoot dry matter (g.plant-1) Leaf area per plant (cm2)
CI 2.6 ± 0.0006c 50.5 ± 0.002a 3,072.07 ± 590.1a

1DW 4.0 ± 0.0005b 21.1 ± 0.003b 1,474.28 ± 537.1b

3DW 4.9 ± 0.0002a 15.7 ± 0.001c 1,581.28 ± 591.9b

CV (%) 11.96 9.78 19.31
CI, 1WD, 3WD, a, b: see table 2 — voir tableau 2
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stresses, while according to Trabelsi et al. (2019), it 
is generally accepted that their integrity and stability 
under water deficit conditions can be correlated with 
plant tolerance. Thus, the maintenance of RWC and 
decrease of gs and EE observed in the FMS CR 1307 
lineage compared to CI plants suggest that FMS CR 
1307 plants exposed to 3WD cycles can develop a 
differential acclimation through morphophysiological 
adjustment. 

The water regimes clearly influenced the photo-
synthetic apparatus performance. Crambe lineages 
exposed to 3WD presented different responses to the 
water deficit, affecting the photochemical parameters. 
In this study, all lineages showed O-J-I-P curves 

with typical polyphasic behavior, indicating that all 
plants were photosynthetically active after treatments. 
The occurrence of positive K- and L-bands in FMS 
Brilhante and FMS CR 1326 after exposure to 1WD and 
3WD cycles and for FMS CR 1307 after 1WD cycle, 
respectively, reflects inhibition of electron donation 
to YZ (Tyr161 of protein D1) and disaggregation of 
PSII, respectively. Probably the water deficit resulted 
in damage to the OEC, and consequently degradation 
of D1 protein (Strasser, 1997) and instability of the 
subunits associated with PSII (Lin et al., 2009). Thus, 
for the FMS Brilhante and FMS CR 1326 lineages, each 
water deficit cycle increased the damage due to lack 
of electron donation from the OEC to oxidized PSII 
(Takahashi & Badger, 2011), which may have resulted 
in photoinhibition (Shin et al., 2020). In a previous 
study, plants in the vegetative phase of the lineage 
FMS CR 1326 were exposed to a single cycle of water 
deficit and showed a better ability to use excitation 
energy and greater stability of the photosynthetic 
system (Braga et al., 2020). However, in the present 
study, FMS CR 1326 plants exposed to 3WD cycles and 
resumption showed lower energy use and stability of 
the photosynthetic apparatus. This means that the FMS 
CR 1326 lineage is not able to maintain performance 
after consecutive periods of water stress. This result 
may indicate that some defense mechanisms, such 
as the accumulation of glycine, betaine, proline, and 

Figure 3. Palisade parenchyma (A) and number of 
xylem vessels (B) of three Crambe abyssinica lineages 
under continuous irrigation (CI) or subject to one 
(1WD) or three drought events (3WD) and subsequent 
recovery — Parenchyme palissade (A) et nombre de 
vaisseaux xylème (B) de trois lignées de Crambe abyssinica 
sous irrigation continue (IC) ou soumis à un cycle de déficit 
hydrique (1DH) ou à trois cycles de déficit hydrique (3DH) 
et récupération ultérieure.

Columns followed by the same letter, uppercase for water regime 
and lowercase for lineage, do not differ significantly from each 
other according to the Tukey test, p ≤ 0.001 (± SD) — Les 
colonnes suivies de la même lettre, majuscules pour le régime 
hydrique et minuscules pour le génotype, ne diffèrent pas 
significativement les unes des autres selon le test de Tukey, 
p ≤ 0,001 (± ET).
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Figure 4. Cross-sections of Crambe abyssinica lineages 
submitted to continuous irrigation (CI) or subject to one 
(1WD) or three (3WD) drought events and subsequent 
recovery — Coupes transversales de lignées de Crambe 
abyssinica soumises à une irrigation continue (IC) ou 
soumises à un (1DH) ou trois (3DH) épisodes de sècheresse 
et à un rétablissement ultérieur. 

Bar — barre = 50 µm; xl: xylem — xylème; phl: 
phloem — phloème; fb: fibers — fibres.
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sugars (De Ronde et al., 2004), can decrease with 
each new water deficit cycle, reducing the stability of 
PSII. FMS Brilhante presented the highest positive 
amplitudes for both K- and L-bands in 1WD plants. A 
higher amplitude of the L-band denotes that the water 
deficit caused dissociation of the PSII antenna complex 
(CP43 and CP47) (Chen et al., 2013).

The FMS CR 1307 lineage exposed to 1WD 
showed increased ABS/RC and reduced stability of RC 
and their connection with the light-harvesting antenna 
complexes (RC/ABS) (Chen et al., 2014). These 
results suggest inactivation of the reaction centers and/
or increase of the light-harvesting antenna size (Meng 
et al., 2016). This is an indication of susceptibility 
to photoinhibition due to flaws in the regulation 
mechanisms of the excess light absorbed (Franić 
et al., 2017). The FMS CR 1307 lineage exposed to 
one water deficit cycle also showed an increase in TR0/
RC. Increased TR0/RC values along with proportional 
increases in ABS/RC indicate suppressed repair of 
damage to the OEC (Takahashi & Murata, 2008; Kalaji 
et al., 2014). In this study, the impairment caused to 
OEC was verified by the positive K-band in 1WD plants. 
However, part of the absorbed energy was dissipated as 
heat (DI0/RC). The improvement of energy dissipation 
protects the leaves against photooxidative damage 
(Franić et al., 2017). The results obtained in this study 
also suggest that repeated cycles of water deficit did 
not reduce the efficiency of photosynthesis by reaction 
centers (RCs) in the FMS Brillante lineage. However, 
after the exposure to 1WD and 3WD cycles, the FMS 
CR 1326 lineage presented increased TR0/RC and ET0/
RC values.

The exposure of plants to 3WD resulted in negative 
K- and L-bands only for FMS CR 1307. This result may 
indicate a photoprotective mechanism of the reaction 
centers associated with PSII. Photoprotection works 
by increasing electron transport from OEC to protein 
D1 and protecting the grouping of PSII units. Thus, 
the results denote better use of excitation energy and 
greater system stability acquired after each new water 
deficit cycle. According to De Ronde et al. (2004), 
osmoregulation is an efficient mechanism to protect 
the OEC under environmental stress. In our study, as 
previously mentioned, reductions of EE showed lower 
degree of cell membrane damage in FMS CR 1307, 
suggesting a possible osmoregulatory mechanism, 
which increased the stability of the OEC. Moreover, 
this lineage, when submitted to 3WD, presented higher 
ET0/RC and reduced DI0/RC. This may indicate that 
after the recovery from water deficit cycles, the FMS 
CR 1307 lineage had a more efficient photosynthetic 
apparatus, with increased electron transport from the 
OEC to protein D1 (negative L-band) and direction 
of electrons to reduce pheophytin, QA and the other 
electron acceptors of the carrier chain. This probably 

occurred in order to convert the excitation energy into 
redox energy, which leads to CO2 fixation (Strasser 
et al., 2000). According to Hu et al. (2015), stress 
memory can help delay the impairment of CO2 fixation 
induced by abiotic stress, inhibiting the energy flow 
through of active RCs. These responses indicate 
photochemical memory of stress. Our data indicate that 
tolerance was improved under water deficit conditions 
and that the FMS CR 1307 crambe lineage is better 
at coping with drought stress than FMS Brilhante and 
FMS CR 1326.

Besides the changes in leaf physiology, alterations 
in the leaf anatomy are also important for plants to 
adapt to drought conditions (Wu et al., 2018). The 
increases of palisade parenchyma thickness in 1WD 
plants suggested improvement of water relations and 
protection of leaf tissues to allow plant growth under 
water deficit conditions (Bacelar et al., 2004). In 
order to reduce the water loss of leaves, plants may 
develop increased palisade parenchyma thickness, thus 
improving the mechanical resistance of the parenchyma 
(Bacelar et al., 2004; Oliveira et al., 2018). However, 
previous exposure to water deficit in the 3WD plants 
resulted in a compact arrangement of the palisade 
parenchyma layers, reducing the thickness with each 
new cycle of water deficit. This result indicates the 
need to increase light uptake and to facilitate the 
penetration of light into the deeper cell layers, to 
improve the photosynthetic performance of the plants 
(Gotoh et al., 2018), since the palisade parenchyma 
is closely linked to the photosynthetic process by the 
number of chloroplasts in palisade cells, as reported 
by Liu et al. (2010). In addition, smaller mesophyll 
cells are an essential response to increased water 
stress because they can resist turgor pressure, thus 
contributing to turgor maintenance more effectively 
under water deficit (Boughalleb et al., 2015). In 
contrast to the palisade, spongy parenchyma thickness 
increased. After a period of water restriction, plants 
may increase the spongy tissue rather than the palisade 
tissue (Toscano et al., 2019). This modification is an 
important anatomical strategy, since it can improve the 
diffusion toward the fixation sites in order to increase 
the concentration gradient between inter-cellular spaces 
and the atmosphere, in turn increasing the competition 
among cells for CO2 and light (Ennajeh et al., 2010; 
Fang & Xiong, 2015).

After 3WD cycles, no change in the number of 
xylem vessels was observed in lineages FMS CR 
1307 and 1326, which also might have increased the 
leaves’ hydration, mainly in FMS CR 1307, in which 
higher RWC maintenance was observed. This result 
indicates that the exposure of these crambe lineages, 
during the non-reproductive stage, submitted to 3WD 
cycles did not result in changes in the number of xylem 
vessels. Although a reduction in vessels could decrease 
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the hydraulic conductivity, it could also lead to loss 
of vessels due to greater predisposition to embolism 
(Guha et al., 2018; Zhang et al., 2018b).

An increase in root dry weight of plants submitted 
to 1WD and 3WD was observed. Sugarcane plants 
(Saccharum spp.) variety IACSP94-2094 exposed to 
repeated water deficit cycles also showed increases in 
root dry matter (Marcos et al., 2018). According to the 
authors, this increase is related to large and controlled 
H2O2 concentrations in the roots, not causing oxidative 
damage but increasing root growth. In this sense, plants 
under water deficit invest in root growth to increase 
water uptake from the soil. However, by increasing 
root growth, the shoot dry matter tends to decrease. In 
our study, after 3WD cycles, reductions in shoot dry 
matter and leaf area were observed. This reduction may 
be related to the need to increase light capture, since a 
moderate light can reduce biomass production (Gotoh 
et al., 2018). These reductions of leaf area resulted in 
increased mesophyll thickness, which increased the 
water storage capacity in 3WD plants, facilitating the 
CO2 absorption and maintaining the photosynthetic 
activity under water deficit conditions (Chartzoulakis 
et al., 2000). The higher water storage capacity of 
3WD plants was associated with increases in RWC, 
compared to 1WD plants. The results obtained in this 
study are the first demonstration that C. abyssinica 
plants exposed to repeated water deficit cycles are better 
able to cope with water shortage than their counterparts 
that experienced one water deficit exposure. According 
to Ding et al. (2013), a memory of stress can facilitate 
plants’ future responses in unfavorable situations. 

In summary, the results obtained in this study 
showed that previous exposure of lineage FMS CR 
1307 to 3WD resulted in increased electron transport 
or energy exchange between independent photosystem 
II (PSII) units, showing activated stress memory, 
which was regulated by the PSII recovery process, in 
addition to greater energy transport flow. This result 
indicates that the transient chlorophyll a fluorescence 
is a good stress/tolerance indication tool for plants 
(Meng et al., 2016; Falqueto et al., 2017; Gupta, 2019) 
and an indicator of plant stress memory. Finally, from 
a practical perspective, our data indicate that tolerance 
of C. abyssinica to water deficit can be improved 
while saving water and energy through less frequent 
irrigation in regions characterized by low precipitation. 

5. CONCLUSIONS

In conclusion, our results showed that exposure of 
crambe plants to three water deficit cycles (3WD) 
induced stress memory, involving physiological and 
anatomical changes. The stress memory resulting 
from previous exposure to water deficit was associated 

with the maintenance of the RWC, reductions in gs, 
maintenance of the stability of cell membranes and 
utilization of excitation energy and greater stability 
of the system, besides modifications in the thickness 
of the mesophyll tissues. The FMS CR 1307 lineage 
showed better photochemical performance as well 
as anatomical adjustments that were synchronized 
with the maintenance of cell membrane integrity and 
stability. These results confirm the existence of water 
deficit memory in the PSII of crambe plants, besides 
more efficient water use.
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