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Abstract: Landraces are rightfully known as the backbone of sustainable food production, particularly
in areas experiencing significant environmental constraints. However, protecting landraces from
genetic erosion and valuing their potential for plant breeding and sustainable food production
requires in-depth understanding of their phenotypic traits. Two Guinea-Bissau landraces (GA, GV)
and two elite cultivars (P98438, P0023) were subjected to drought stress for 7 (S1) and 12 (S2) days.
After this period plants were rewatered (R). The relative water content (RWC) was unchanged in S1
and decreased in S2 in all genotypes. Chlorophyll a fluorescence parameters changed moderately
in S1 and remarkably in S2, including on GA and GV plants, where a decrease of Fv/Fm and PI,
and an increase in absorbed, trapped, and dissipated energy per reaction center, was found. P0023
plants showed the most contrasting behavior to Guinea-Bissau genotypes, presenting an increase in
Fv/Fm and PI values and a decrease in the specific energy fluxes per reaction center (RC), whereas
P9838 presented an intermediate behavior. Drought (S1 and S2) decreased the amount of chlorophyll
(Chl.) and carotenoids in GA and GV plants. On the contrary, in the P0023, the only pigment to
decrease with stress was Chl. b. Fatty acid (FA) analyses allowed for the identification of C16:0,
C18:2, and C18:3 in larger amounts, and C14:0, C16:1t, C18:0, and C18:1 acids in lower abundance.
Drought stress decreased C18:3, the double bond index, and the total FA (except for P0023 and GV in
S2) and increased C14:0 and C16:0 acids. The expression of phospholipase D (PLD) was higher at
S2. After recovery, PLD expression presented a notorious decrease on the Guinea-Bissau landraces.
P0023 showed the smallest alterations after recovery, while Guinea’s plants suffered more radical
alterations leading to the conclusion that Guinea’s landraces were more drought-sensitive and that
their recovery rate was impaired.

Keywords: chlorophyll a fluorescence; fatty acids; phospholipase D; photosynthetic pigments

1. Introduction

Maize (Zea mays L.) is a cereal that was domesticated in Central America and brought
to Africa, Asia, and Europe by the Portuguese and the Spanish in the XVI century [1].
Nowadays it is the third most important grain crop, grown commercially in over 100
countries and used as a human staple food and for animal feed [2–4].

According to Santpoort [5], the maize produced in West Africa accounts for about
one-third of the total harvested in the continent, and the modest yields obtained, ranging
from 0.8 to 1.5 ton ha−1, are related to the rainfall levels in the region. However, a trend to
increasing production was noted in the last decades, mainly due to yield raising because
of the use of improved seeds and, to a lesser extent, due to the access of farmers to inputs
such as fertilizers, pesticides, and irrigation.
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In Guinea-Bissau, West Africa, maize is not the staple food, but it has an important
role in the food security of families in rural areas. The vernacular name of maize in Guinea-
Bissau creole, midjo-basil, derived from milho-do-Brasil, reflects the origin of the crop.
As it requires well-drained and fertile soils, it is cropped for self-consumption by small
farmers in home gardens and areas around the villages in Ferralsols enriched by domestic
debris or livestock manure, and it is often associated with other crops, such as cassava,
groundnuts, beans, or tomato. In Guinea-Bissau, as all over the world, differences in
agroecological conditions and agricultural practices between communities have resulted
in the development of locally adapted varieties, known as landraces [6]. Maize landraces
are still used there in local subsistence agriculture; albeit, these important constituents
of agro-biodiversity continue to face the risk of depletion worldwide [7]. Implementing
breeding programs for improved landraces is one of the strategies available to improve
yield and yield stability in less favorable agricultural systems, with lower input levels,
increasing agricultural sustainability and food security and sovereignty. In fact, landraces
still support farming because of their stability, resistance to biotic and abiotic stresses, and
end-product quality [8]. Furthermore, landraces may be useful to breed elite cultivars,
which are obtained from a quite narrow germplasm pool and are mostly well fitted to
high-input agriculture [9].

It is estimated that the yield of maize crops is diminished annually in many food-
production regions because of excessive temperatures, rainfall distributions changes, and
drought [2,10,11]. With the alarming increase of world population, expected to reach about
nine billion by the end of 2050, a decrease in maize production will be a major problem
in face of the increasing food requirements [12,13]. Therefore, it is extremely important to
understand the effect of drought stress on maize to guarantee food supply.

Guinea-Bissau has a dry to sub-humid and hot climate and most agriculture produc-
tion depends on these climate conditions to succeed. Maize has a short vegetative cycle of
80–90 days; thus, in regions with favorable conditions of rainfall, two crops can be grown
per year. The first is sown in June or early July, at the beginning of the rains, and harvested
in September or early October when rice, the main crop, is not yet mature, and the second
is sown in September and harvested in December. Two annual harvests can be obtained
in the Southwest and Bijagós Islands, but in the North and East of the country, only one
annual harvest is obtained. There is no available data on maize yield in the country but,
taking into account that the seeds sown are not improved for high production, as well as
the rudimentary agricultural practices, virtually without inputs, the yield obtained must
be below 1 ton ha−1 [14].

Climate change and continuous population growth poses serious threats to world
food safety [15–18]. According to Sylla et al. [19], important aspects of climate change over
West Africa will be reduction of the length of the rainy season and the growing season,
increase in the intensity of extremes before mature monsoon season, and an extension of
torrid, arid and semi-arid conditions. In such forecasted conditions it is important to assess
the resistance/resilience to stress conditions of the crops and cultivars presently grown as
well as the performance of viable alternatives. One important issue in the adaptation and
mitigation of climate change is the search for agriculture crops and cultivars that can grow
in the future climatic conditions [20].

Numerous studies have shown that water deficiency is one of the most important
factors affecting plant growth [21–25]. In the case of maize, Heisey and Edmeades estimated
19 years ago, that drought stress was affecting 20% to 25% of the planting areas around
the world [26]. More recently, other researchers [27,28] suggested that the severity and
frequency of drought will probably increase in a near future.

Multiple effects of water shortage in plant cells, such as reduction of leaf water content,
PSII photochemical efficiency, and photosynthetic pigments, have been reported in species
as diverse as Eragrostis curvula (weeping lovegrass) [29], Zea mays (maize) [30], Coffea
canephora (robusta coffee) [31], and Solanum tuberosum (potato) [32]. However, responses
such as osmotic adjustment, antioxidant defense (increase of antioxidant enzymes’ activities
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and high content of non-enzymatic components such as ascorbic acid), and the activation
of regulatory and functional genes involved in the perception and transmission of drought
stress signal [22,31,33,34] have been described as useful mechanisms by which plants
attenuate the damage caused by drought. In fact, dehydration is also reversible and
full recovery is possible, but all depends on the severity of stress, the plant age, and the
capacity to deal with the water deficit [35–37]. Particularly in areas experiencing significant
environmental constraints, as is the case of drought stress, plant landraces are rightfully
known as the backbone of sustainable food production [7]. However, protecting landraces
from genetic erosion and valuing their potential for plant breeding and sustainable food
production requires in-depth understanding of their phenotypic traits [9]. It is therefore
important to know the limits of resilience of different maize landraces to drought stress.
Hence, in this work, we evaluate the resistance and resilience to drought stress of four
maize genotypes: two landraces currently grown in Guinea-Bissau and two elite cultivars.

2. Materials and Methods
2.1. Plant Material and Experimental Setup

Four different maize genotypes were used: two landraces from Guinea-Bissau, which
were named as GA and GV following the color of the seeds [GA, yellow (in Portuguese,
amarelas) seeds; GV, red (in Portuguese, vermelhas) seeds], and two commercial genotypes,
P9838 and P0023 (both with tolerance to drought of 7 on a scale of 10) from DuPont Pioneer.
The variety P0023 is an Optimum AQUAmax® hybrid, with improved water assimilation
and usage (Accelerated Yield Technology (AYTTM) system); thus, it is expected to present
a higher degree of tolerance to water deficit conditions [38]. Guinea-Bissau seeds were
purchased at the Bandim market in Bissau and are from landraces commonly used by small
farmers in rainfed cropping.

Before the germination process, the seeds were sterilized with 10% (v/v) commercial
bleach, washed with demineralized water, and left in ultrapure water overnight. The next
day, 20 seeds of each variety were placed on wet papers in trays sterilized with ethanol
70%, covered with transparent film, and left in a dark chamber at room temperature until
radicle emergence. After 3 days, 10 seedlings of each genotype were transferred to 1 L pots
(1 per pot) with soil supplemented with a surface fertilization (NPK 16-10-10 (nitrogen
16%–phosphoric anhydride 10%–potassium oxide 10%) + Mg-S 2-12 (magnesium oxide
2%–Sulfuric acid 12%); Flortis, Orvital S.p.A., Italy).

Pots were placed in controlled environment at a walk-in phytotron (Fitoclima 5000 EH,
Aralab, Rio de Mouro, Portugal) with the following conditions: relative air humidity 50%,
photosynthetically active radiation 200 µmol/m2s, photoperiod 16 h, and temperature
25/18 ◦C (day/night). The plants were watered whenever necessary. Then, 18 days after
the beginning of germination, the first measurements and sampling were done (control
situation, C). Watering was withheld 23 days after germination, and 7 days later (day 30), a
first set of measurements and sampling was done in water-stressed plants (S1), followed
by a second set of measurements and sampling (S2) 5 days later (day 35 after germination).
After completing these measurements and sampling, plants were immediately rewatered
(R) and their recovery was assessed by measurements and sampling performed 6 days later
(day 41 after germination).

2.2. Determination of Leaf Relative Water Content (RWC)

Leaf samples were weighed to obtain the fresh weight (FW). They were then left
completely immersed in water overnight and in the next day weighed again to obtain the
turgid weight (TW). Lastly, the leaf segments were left at approximately 70 ◦C until they
were completely dry for the determination of the dry weight (DW). The leaf relative water
content was calculated according to Catsky [39].
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2.3. Chlorophyll Fluorescence Analysis

Chl. fluorescence was measured in vivo at each of the four conditions (C, S1, S2, and
R), using a plant efficiency analyzer (Handy PEA, Hansatech Instruments, King’s Lynn,
UK). Samples were adapted to darkness for 10 min by placing light-withholding leaf clips
and then exposed to a saturating light pulse with sufficient intensity to ensure closure of
all photosystem II reaction centers (PSII RC) (3500 µmol/m2 s). The data obtained were
used for calculations according to the JIP test equations [40,41]. Four fluorescence intensity
values from original measurements were used: the minimal fluorescence at 50 µs, when
all PSII RCs were open (Fo); the fluorescence emission at 300 µs (F300µs); the maximal
fluorescence emission when all PSII RCs were closed (Fm); and the fluorescence intensity
at 2 ms, the J step (Fj). From these four points, two parameters were directly obtained [42]:
Vj, the relative variable fluorescence at 2 ms, and Mo, the initial slope, defined as the net
ratio of RC closure. Based on these parameters, the PEA software automatically computed
the performance index (PI), the maximum quantum efficiency of PSII (Fv/Fm), and the
specific energy fluxes per RC: absorbed (ABS/RC), trapped (TRo/RC), and dissipated as
heat (DIo/RC).

2.4. Photosynthetic Pigments Determination

Leaf samples for photosynthetic pigments determination were obtained immediately
after fluorescence analysis through excision of part of the tip of the leaves Pigments were
extracted through the addition of 1 mL methanol 100% to 0.9 cm diameter discs samples
in centrifuge tubes. The samples were kept in the dark at −20 ◦C in the freezer for 72 h
and then centrifuged at 14,000× g for 3 min. Supernatants were immediately subjected to
spectrophotometric readings (Spectronic Helios β, Thermo Electron Corporation, Hemel
Hempstead, UK) at wavelengths of 471, 652, and 665 nm to determine chlorophyll and
carotenoid concentrations. Pigments were quantified according to equations of Lichten-
thaler [43]. Results were expressed in milligram of pigments per gram of leaf dry weight.

2.5. Fatty Acids Profiling

The fatty acids analysis was performed as previously described [44,45]. Fatty acid
methyl esters were prepared by incubation of 40 mg of leaves in freshly prepared methanol-
sulfuric acid (97.5:2.5, v/v) at 70 ◦C for 60 min. FAMEs were recovered using 3 mL of
petroleum ether and 2 mL of ultrapure water, followed by a centrifugation per 5 min. The
upper phase was dried under a N2 flow and resuspended in 40 µl of hexane. One microliter
of the FAME solution was analyzed by gas chromatography (GC) (Varian 430-GC gas
chromatograph, Varian Inc., Palo Alto, California, U.S.). Heptadecanoate (C17:0) was used
as an internal standard.

Fatty acids were identified by comparison of their retention times with standards
(Sigma-Aldrich) and chromatograms were analyzed using the Galaxy software. The double
bond index (DBI) was calculated as described in Feijão et al. [46]:

DBI = 2 × [(% monoenes) + (2 × % dienes) + (3 × % trienes)]/100

2.6. RNA Extraction and cDNA Synthesis

Leaf samples were frozen in liquid nitrogen and grinded with a mortar and a pestle.
RNA was extracted with the Spectrum™ plant total RNA kit (Sigma-Aldrich, St. Louis,
MO, USA) following the supplier’s instruction. Genomic DNA (gDNA) was digested using
the on-column Dnase I digestion set (Sigma-Aldrich, St. Louis, MO, USA) following the
supplier’s instruction. RNA integrity was verified by agarose gel electrophoresis, and
purity and concentration were accessed with Nanodrop equipment (ND-1000 spectropho-
tometer, Thermo Fisher Scientific, Waltham, MA, USA). Prior to complementary DNA
(cDNA) synthesis, all samples were analyzed for genomic DNA contamination through a
quantitative real-time polymerase chain reaction (qPCR) of the reference gene Elongation
Factor 1-alpha (EF1α) [45]. Complementary DNA was synthesized from 2.5 µg of total RNA
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using RevertAid®H minus reverse transcriptase (Fermentas, ON, Canada) anchored with
Oligo (dT)23 primer (Fermentas, ON, Canada) as described in Nascimento et al. [47].

2.7. Real-Time PCR (qPCR)

The qPCR experiments were performed in a StepOne™ real-time PCR system (Applied
Biosystems, Sourceforge, Foster City, CA, USA) using the Maxima™ SYBR green qPCR
master mix (2×) kit (Fermentas, Burlington, ON, Canada) following the manufacturer’s
instructions. Each set of reactions included a control without a cDNA template. Maize
Phospholipase D gene (D73410.1) was the target gene and Elongation Factor 1-alpha (EF1α)
and Tubulin beta-4 chain (TUB4) were used for data normalization. These reference genes
were chosen because of their stability in maize plants suffering from drought stress [45].
Thermal cycling started with a 95 ◦C denaturation step for 10 min followed by 40 cycles
of denaturation at 95 ◦C for 15 s and annealing for 30 s. Three biological replicates and
two technical replicates were used for each sample. Gene expression (fold change) was
calculated according to the Hellemans’ method [48].

2.8. Statistical Analysis

Owing to the absence of normality and homogeneity of variances of the obtained data,
the results were analyzed through the non-parametric Kruskal–Wallis (KW) test using IBM
SPSS Statistics 27 software. Given the fact that the KW test assesses only one dependent
variable, two separate tests were performed. The first test assessed if the distribution of
the data for each genotype (P0023, P9838, GA, GV) behaved similarly in each dependent
variable, therefore highlighting differences between genotypes. The second test assessed if
the data behaved similarly depending on the growth conditions (C, S1, S2, R) within each
genotype in each dependent variable, therefore highlighting differences due to growth
conditions. Statistical significance was considered when p < 0.05.

3. Results

No major differences were found between genotypes in the response of relative water
content to water stress. All genotypes in the control and stress 1 groups had the RWC
above 75% (Figure 1).
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Figure 1. Leaf relative water content of all studied genotypes in the different conditions (mean ±
standard deviation; n = 10). Well-watered plants (C); plants stressed for 7 (S1) and 12 (S2) days;
rewatered plants (R). Asterisks indicate significant differences between drought conditions and
control group (p ≤ 0.05).

The RWC percentage decreased substantially by almost half in the stress 2 group.
However, after rewatering, plants were able to recover their initial RWC. In fact, in all
genotypes, the RWC values at stress 2 were significantly lower than at stress 1, as well as in
the rewatered group (p < 0.05) (Figure 1).
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In control conditions (C), significant differences on photochemical parameters between
genotypes were observed (Figure 2).
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Figure 2. Chlorophyll fluorescence of maize plants subjected to drought stress and rewatered. (a)
Maximum quantum efficiency of PSII (Fv/Fm); (b) performance index (PI); (c) electron transport
energy per RC (Eto/RC); (d) trapped energy flux per RC (TRo/RC); (e) absorbed energy flux per RC
(ABS/RC); (f) energy dissipation as heat per RC (DIo/RC). Well-watered plants (C); plants stressed
for 7 (S1) and 12 (S2) days; rewatered plants (R). Values correspond to mean ± standard deviation (n
= 10); asterisks indicate significant differences between drought conditions and control group (p ≤
0.05).

In control plants (C) P0023 presented a lower Fv/Fm and PI and a higher TRO/RC
and DIO/RC than the other genotypes. However, during the initial phase of stress (S1),
photochemical parameters converged and significant differences between genotypes were
almost absent (Figure 2). With the progress of stress conditions (S2) differences between
the genotypes reappeared. GA and GV presented a lower Fv/Fm, PI, and ETO/RC than
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the commercial genotypes. Except for FV/Fm on P9838 and Eto/RC in GA, all fluorescence
parameters departed significantly from the control value in S1 and/or S2 (p < 0.05).

The Guinea-Bissau genotypes presented a sharper decrease of leaf chlorophyll a
and total chlorophyll content under stress conditions, and no recovery after rewatering,
presenting significantly lower values at S1, S2, and R in relation to the control (p < 0.05)
(Figure 3). Except for a significant decrease for Chl. a in rewatered P9838, significant
changes of the Chl. a and total Chl. content were not observed in the different conditions
on the elite cultivars.
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Figure 3. Photosynthetic pigments concentration of maize plants subjected to drought stress and
rewatered. (a) Chlorophyll a (Chl a); (b) chlorophyll b (Chl b); (c) total chlorophyll (Chl a + Chl b);
(d) total carotenoids (carotenoids); (e) ratio chlorophyll a/chlorophyll b (Chl a/Chl b); (f) ratio total
chlorophyll/total carotenoids (Chl a + b/Carot). Well-watered plants (C); plants stressed for 7 (S1)
and 12 (S2) days; rewatered plants (R). Values correspond to mean ± standard deviation (n = 10);
asterisks indicate significant differences between drought conditions and control group (p ≤ 0.05).
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A similar, albeit more complicated trend was observed in total carotenoids (Figure
3d). In fact, no changes in total carotenoids content were observed in P0023, but in P9838,
an increase was even observed in S1 and S2 in relation to C, albeit at R the value decreased
to near the control (p < 0.05). Between the Guinea-Bissau lines some differences were
also recorded: whereas in GA a decrease in total carotenoids content was observed in all
treatments in relation to C, in GV, the carotenoids content was only lower at R than at C. In
the Pioneer genotypes, the ratio Chl. a/b increased in relation to C at S1 and at S2, but such
an increase was observed on the Guinea-Bissau genotypes only at S2 (p < 0.05) (Figure 3e).
In addition, the ratio Chl. a+b/carot increased with stress in relation to C in the Pioneer
genotypes (except in S1 for P9838), but was unchanged in the African genotypes (except
for GA at S1) (p < 0.05) (Figure 3f).

The most abundant fatty acid present in maize leaves is α-linolenic acid (C18:3), which
accounts for ~70% of all fatty acids. By order of abundance the following fatty acids were
detected: the saturated palmitic acid (C16:0) and the unsaturated linoleic acid (C18:2).
The saturated myristic (C14:0) and stearic (C18:0) acids as well as the plastidial-specific
trans-hexadecanoic acid (16:1t) were present in lower amounts and only residual amounts
of oleic acid (C18:1) were detected (Figure 4).
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Figure 4. Fatty acids profiles of maize plants subjected to drought stress and rewatered. (a) P0023;
(b) P9838; (c) GA; (d) GV. Myristic acid (C14:0), palmitic acid (C16:0), trans-hexadecanoic acid (16:1t),
stearic acid (C18:0), oleic acid (C18:1); linoleic acid (C18:2), and α-linolenic acid (C18:3). Well-watered
plants (C); plants stressed for 7 (S1) and 12 (S2) days; rewatered plants (R). Values correspond to mean
± standard deviation (n = 3-4); asterisks indicate significant differences between drought conditions
and control group (p ≤ 0.05).

Regarding the total fatty acid content, this parameter was not affected at the early
stages of drought (S1), and even suffered an increase for P9838 and GV, whereas a general
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tendency to decrease at S2 was observed in all genotypes. Although rewatered plants
tended to recover the initial lipid contents, this was not the case for GA (Figure 5d).
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Figure 5. The double bond index (DBI) (a), ratio linoleic-to-α-linolenic acid (C18:2/C18:3) (b), ratio
unsaturated-to-saturated fatty acids (Unsat/Sat), (c) and total fatty acids content (d) of leaf samples
of maize plants subjected to drought stress and rewatered. Well-watered plants (C); plants stressed
for 7 (S1) and 12 (S2) days; rewatered plants (R). Values correspond to mean ± standard deviation, n
= 3–4. Asterisks indicate significant differences between drought conditions and control group (p ≤
0.05).

In the four genotypes studied, the drought treatment S2 resulted in a reduction in
C18:3 relative amounts and the opposite occurred for C16:0 (Figure 5a–d). Rewatering
reversed this effect in P0023 and partially in P9838 (only for C16:0), but not for the other
two genotypes. The reduction of C18:3 was accompanied by an increase in its biosynthetic
precursor, C18:2, for all the genotypes after rewatering, for GV at S1, and for P0023 at S2.
These drought-induced alterations in the relative amounts of the two polyunsaturated FAs
resulted in a general trend for an increase in the C18:2/C18:3 ratios (Figure 5b). The levels
of the saturated C18:0 were also higher in the S1 and S2 samples of P0023, as well as the
R leaves of P9838. S2 also caused increases of C14:0 S2 in P0023, P9838, and GV, whereas
an increase during recovery was observed in GA. Concerning the C16:1t amount, an early
reduction (S1) was seen in GV, and in GA, this FA was less abundant in S2 and R. Although
in P9838 the C16:1t content was lower during R, no changes were observed in P0023 in
any of the samples analyzed. All these changes in the FA profiles resulted in lower double
bond indexes (DBI), and lower ratio of unsaturated to saturated (Unsat/Sat) for all the
genotypes at S2, and only P0023 and P9838 were able to present values similar to controls
after rewatering (Figure 5a,c).

Drought stress also modulated PLD gene expression in the four genotypes. During S1,
PLD expression was significantly augmented in P9838 and GA, while in both P0023 and
GV, there was a downregulation of this gene (Figure 6).
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In S2, PLD remained downregulated in P0023, while in the other three genotypes
it was upregulated. During the recovery period, P0023, P9838, and GA presented an
upregulation of PLD, while in GV, this gene was negatively modulated (Figure 6).

4. Discussion

Like any living being, much of the mass of plants are made up of water, which is
therefore a limiting factor for their growth. All the studied genotypes presented similar
values of RWC among them in each of the conditions studied (C, S1, S2, and R). A similar
RWC was also observed among Mozambique maize genotypes under control, drought-
stressed, and rewatered plants [49]. A soil water “deficit induced” alterations on plants’
normal water content, which decreased with prolonged drought stress, as can be confirmed
by our RWC results at S2 (Figure 1) and as have been commonly observed in drought
stress and recovery studies [50]. Nevertheless, the shorter water stress period (S1), albeit
not affecting RWC, impacted several physiological and metabolic processes, as shown by
several Chl. a fluorescence parameters, which presented a significant departure from the
control values at S1, particularly in the Pioneer genotypes (Figure 2). This indicates that the
plants, despite being under a very mild drought stress at S1, which did not decrease leaf
cellular water content, were already sensing the decrease of soil water content and changing
their metabolism more notably in the Pioneer genotypes. The increase of RWC observed
after rewatering, reaching the control levels in all genotypes except GV, was also found
in several experiments related to the effects of drought in maize [30,50,51]. According
to Franks and Farquhar [52], an impairment of the RWC recovery after rewatering may
occur when water stress causes cellular damage or loss of stomatal regulation. Since
such impairment was not detected in our experiments, severe cellular damage and loss of
stomatal function may be excluded. In general, as referred previously, the photochemical
activity was already moderately affected in the initial phase of water stress (S1), as revealed
by the few alterations, mostly in the Pioneer genotypes, found on the Chl. a fluorescence
parameters (Figure 2). Since photosystems are involved in the capture of the light that
triggers the process of photosynthesis, their damage causes a decrease in the photosynthetic
rate. However, changes in the function of the photosystems may also have a protective role,
as might be the case of the alterations found at S1. In fact, in a study using Arabidopsis,
Harb et al. [53] revealed that under moderate drought, the photosynthesis rate remained
normal, and Lima et al. and Marques da Silva and Arrabaça [31,54] revealed that upon
moderate water stress, photosynthesis decreases mainly because of stomatal closure. Given
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these observations, it can be suggested that the effects of S1 were not sufficient to cause
damages in PSII. It is interesting to note that the Pioneer genotypes showed many more
changes in the fluorescence parameters at S1 than the Guinea’s genotypes, suggesting that
the former may be able to sense the decrease of soil water content in anticipation and adjust
the photochemical activity accordingly. In the case of the longer and more intense water
stress (S2), differences in the Chl. a fluorescence parameters of control and stressed plants
were accentuated. The maximum potential efficiency of PSII photochemistry (Fv/Fm) was
strongly reduced in the GA and GV plants during S2 (Figure 2a). In contrast, no changes
were observed in P9838 and a significant increase (p < 0.05) was even found at S2 in P0023.
The values of this parameter were reported to be very stable among different species,
averaging 0.83 [55] in unstressed plants and, despite the decline observed in the varieties
GA, GV, and P0023, Fv/Fm still presented relatively high values, circa 0.7, confirming the
idea that this parameter is very resistant to drought stress conditions [54]. A sustained
decrease in Fv/Fm indicates the occurrence of photoinhibitory damage [56]; therefore,
it is possible that the Guinea’s plants suffered damage in the photosynthetic apparatus,
which notoriously contrasted with the findings in the Pioneer genotypes. The performance
index (PI) significantly decreased in GA, GV, and P9838 during S2, when compared with
the control, contrasting with the increase observed in P0023 (p < 0.05) (Figure 2b). PI is
a good indicator of plant vitality, expressing their ability to avoid drought and maintain
physiological activity at a certain level during stress [57], and unlike Fv/Fm, which is only
dependent of the primary photochemical reactions at PSII, PI is a very sensitive indicator of
the integral photophysiological status of plants, from the efficiency of light energy capture
to the function of the Calvin–Benson cycle via the electron transport rate. Therefore, the
decrease in PI values may be interpreted as evidence of the plants failure to maintain the
normal PSII function [15]. We must emphasize, however, that P0023, which showed an
increase in PI at S1 and S2, presented a much lower value at C (p < 0.05) when compared
with the C values of the other genotypes, suggesting a lower photochemical performance
under optimal irrigation conditions. The specific energy fluxes of absorption, trapping, and
dissipation per RC (ABS/RC, TRo/RC, and Dlo/RC) were higher under drought stress
(Figure 2d–f) for P9838, GA, and GV, indicating that the energy absorbed (ABS/RC) and
trapped (TRo/RC) by active RC increased under water stress, owing to the inactivation of a
fraction of RCs, and the dissipation as heat (Dlo/RC) increased because of accumulation of
inactive RCs [15]. In contrast, a decrease of these parameters with water stress was found
in P0023, suggesting the absence of inactivation of RCs. However, P0023 and P9838 showed
opposing trends in the response of ETo/RC to water stress (Figure 2c), with the electron
transport rate per reaction center decreasing in the former and increasing in the latter (p <
0.05), suggesting that the resilience to oxidative stress (absence of RC inactivation) comes
together with a lower photochemical activity. Furthermore, in wheat, Correia et al. [58]
found a strong correlation between these energy fluxes and the antioxidant capacity of
leaves under drought stress. Since drought stress causes the loss of photosynthetic reaction
centers, the loss of chlorophyll a content detected in all except P0023 plants during S2 was
expected. In addition, GV decreased Eto/RC under drought stress, but no changes (p >
0.05) were observed in GA.

The chlorophyll a, b, and a + b content decreased under drought in leaves of Guinea
plants (Figure 3a–c) showing greater reduction during S2. In contrast, the concentration of
these pigments in Pioneer plants did not change significantly in stress conditions when
compared with the control (p > 0.05) (Figure 3a–c), being particularly stable in P0023. Chan-
drasekar et al. [59] reported that drought-tolerant genotypes were able to maintain higher
chlorophyll content than susceptible genotypes, suggesting that the Pioneer genotypes,
most notably P0023, were less susceptible to drought than the Guinea’s ones, which is
in line with the results of Chl. a fluorescence. Nevertheless, the decrease in chlorophyll
content in GA and GV during drought stress may be a defense mechanism against pho-
tooxidative damage, which occurs when photosynthesis is inhibited and light-exciting
energy is in excess [60,61]. In fact, the significant increase of the Chl. a/Chl. b ratio in



Sustainability 2021, 13, 5441 12 of 17

stressed plants of all genotypes (Figure 3e) shows that the decrease on chlorophyll content
occurs mostly at the photosynthetic antenna (where Chl. b is present), and much less at
the reaction center (where only Chl. a is present), suggesting a mechanism to lower the
energy input at the RC and electron transport chain, as previously seen in acclimation to
high light [62]. In fact, chlorophyll occurs in a ratio (a/b) of approximately 3 to 1 [43], but
growth conditions and environmental factors can modify this chlorophyll a/b ratio. The
increase of carotenoid content also suggests increased photoprotection, but it was only
found in P9838; in GA, carotenoid content decreased in stressed plants (p < 0.05) and no
significant change was observed in P0023 and GV (Figure 3d). Therefore, the ratio between
Chl. a + b and carotenoids also did not present a clear pattern of change: it increased at
P0023 and P9838 (but only at S2 in the latter) and decreased at GA, whereas no significant
changes were observed at GV (Figure 3f).

The oxidative stress can also be related to fatty acids composition because it can result
in membrane lipid peroxidation [63], and consequently, the decrease in total fatty acids
amount. The fatty acid (FA) content and composition of leaf lipids were also affected
under water stress. A general trend for a reduction in the total FA amounts was observed
for all the genotypes. However, in P0023 and GV, this value suffered an increase at S1
and returned to control levels after rewatering. Under severe stress the inhibition of lipid
biosynthesis and increase of oxidative stress damage as well as lipolytic activities are known
to contribute to the reduction of lipid content [64], which was previously described for other
plants [65–68]. The thylakoid membrane contains a high percentage of galactolipids [69],
which are mainly build of C18:3. Moreover, the only phospholipid present in thylakoids
is phosphatidylglycerol, characterized by the presence of C16:1t [65]. The high content of
polyunsaturated FAs, such as C18:3 in membrane lipids, is a crucial factor for membrane
fluidity [70]. However, membrane restructuring with lower amounts of polyunsaturated
FAs is considered an adaptation to osmotically stressful environments. Our results show
that water stress caused a reduction in the C18:3 contents of maize leaves. Among the four
genotypes, only P0023 was able to increase its C18:3 levels after rehydration. In parallel to
the C18:3 decrease, an increase of its precursor, C18:2, was observed in drought-stressed
samples, which can reflect a decrease in galactolipid contents [65] and/or a reduction
in the desaturase activity, converting C18:2 in C18:3. Increases in the C18:2/C18:3 ratio
have been previously observed in response to water deficit, and considered a mechanism
of adaptation to water deficit [71]. Although increases in the C18:2/C18:3 ratios were
observed in the four genotypes studied, well-watered GA plants had the lower basal
level, and in both Pioneer cultivars, the higher drought-induced increases were observed.
Moreover, only in P0023 did this ratio decrease again after rewatering, while it remained
high in the three remaining genotypes under study. DBI values and Unsat/Sat ratios are
used as measure of membrane fluidity [72,73]. Our results show that a prolonged stress
decreased both DBI and Unsat/Sat values in all the genotypes; however, only in Pioneer
plants, rewatering resulted in a return to values found in well-watered plants. In addition,
considering the relative abundance of the plastidial-specific FA C16:1t, reductions were
seen for both the Guinea-Bissau landraces under water deficit, whereas no changes were
observed for P0023. The overall decreases in the abundance of C18:3 and C16:1t are likely
to be associated to photosynthesis impairment under water deficit observed in maize
plants [74].

Taken together, our results on the drought-induced changes in the fatty acid contents
and composition agree with the higher photosynthetic performance displayed by Pioneer
genotypes under drought conditions, especially P0023, and a higher damage of the photo-
synthetic apparatus suggested for Guinea-Bissau plants in response to this stress, which
also appear to be less able to recover after rewatering.

Phospholipase D (PLD) is an enzyme that hydrolyses phosphatidylcholine into phos-
phatidic acid and choline, and it has been reported by several investigators as playing an
important role in plants under abiotic stress, being involved in signal transduction, cellular
regulation, hormone signaling, and stress response [75–77]. In a water stress situation,
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PLD is involved in stomatal closure in response to ABA increase [77,78]. For that reason,
the increase in PLD expression during stress observed in most of the genotypes studied
(Figure 5), essentially during S2, was expected. Nevertheless, Hayano-Kanashiro et al. [79]
investigated the effect of 17 days of drought and recovery in maize and proved that PLD
was induced under drought stress and repressed upon recovery (rewatering) for all three
landraces studied, which did not happen with the Pioneer plants during recovery. The
hypothesis to explain this divergence of results is to assume that this increase in the ex-
pression level of PLD during recovery was not significant or, in case of GA plants whose
expression was higher, the recovery rate was slower.

5. Conclusions

Overall, P0023 presented the most distinctive response to drought stress, with P9838
showing an intermediary behavior between P0023 and the Guinea’s landraces, where only
minor differences between them were found. P0023 was the only genotype that almost
returned to the control situation after rewatering (only 5 out of the 25 traits analyzed
remained altered in relation to control, contrasting with 14, 18, and 15 in P9838, GA, and
GV, respectively). This enhanced capacity of P0023 to recover from drought stress may be
related with a more precocious sensing and response to stress. In fact, at S1, P0023 was
the genotype that already presented more traits altered in relation to C (9/25), but at least
some of them were linked to adaptative responses, as is the case of the significant increase
on Fv/Fm, in sharp contrast with all other genotypes. The most remarkable aspect of the
Guinea’s genotypes, on the contrary, was a dramatic decrease of Chl. b (which also impacted
the decrease of total Chl.), already present at S1, and still present at R. This decrease is only
partly visible on the increase of the Chl. a/b ratio, which shows an adaptative response to
adjust the photosynthetic antenna to the decreased energy demand under drought, and
was much more notorious on the Pioneer genotypes, suggesting that the decrease of Chl.
content on the Guinea’s genotypes is a deleterious rather than adaptative process. This
work helped to disentangle the distinct photophysiological, biochemical, and molecular
mechanisms underlying the response of commercial and traditional maize genotypes to
drought stress, paving the way for the selection of new breeding traits for increased drought
resilience. Even though elite maize cultivars became major players in global production,
maize landraces are still key actors on the food security of remote rural communities.
However, there is a deep concern with the tolerance and adaptive capacity of landraces
to the new climate change conditions. Alterations may be of such scale and speed that
the evolutionary potential of crop populations may not suffice [80]. Breeding programs
to develop landraces for abiotic stress resilience, therefore, are a strategy to assure the
sustainability of local agricultural systems [8]. Such effort, however, requires the systematic
characterization of the physiological, biochemical, and molecular responses to stress, i.e.,
the functional phenotyping of landraces in close relation to their genotyping. Finally, in
addition to the importance of landraces for the sustainability of agricultural systems, their
importance as a source of knowledge and as a cultural heritage is unquestionable [81], and
every effort must be made to conserve them.
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