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Abstract: Cover crops and green manures have been adopted in rainfed agriculture for providing soil protection between culti-
vation seasons and for increasing soil nutrient and organic matter content. A greenhouse experiment was conducted to evaluate
physiological responses of the green manure Vicia sativa to drought. The gravimetric leaf water of content of 80% did not decrease
during 24 days of water withholding. Gas exchange was very sensitive to drought. For instance, net CO, uptake of 7.8 + 0.17
pmol m? s started decreasing at eight days of water withholding but recovered when the plants were re-watered. While total
chlorophyll was not significantly degraded for the droughted plants, these individuals accumulated 1,000-fold the proline of the
control, which amounted to 0.41 +0.09 pmol g"'. Raman spectroscopy revealed differences in the accumulation of metabolites at
24 days of water withholding between well-watered and droughted plants, including a higher content of abscisic acid, gibberellic
acid, indoleacetic acid, and zeatin. Vicia sativa can tolerate month-long droughts and can be considered as a useful alternative for
increasingly arid locations.
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Resumen: Los cultivos de cobertura y abonos verdes se utilizan en agricultura de temporal para proporcionar proteccion contra
la erosion de los suelos entre temporadas de cultivo y para aumentar el contenido de nutrientes y materia organica. Se realiz6 un
experimento en el invernadero para evaluar algunas respuestas fisioldgicas del abono verde Vicia sativa a la sequia. El contenido
gravimétrico de agua en las hojas, que fue de 80%), no disminuy6 durante 24 dias de suspensién del riego. Por su parte, el intercam-
bio de gases fue muy sensible a la sequia. Por ejemplo, la asimilacién neta de CO, de 7.8 + 0.17 ymol m? s comenz6 a disminuir
a los ocho dias de suspender el riego, pero se recuperd en cuanto las plantas fueron vueltas a regar. Mientras que la clorofila total
no se degrad¢ en las plantas sin riego, estos individuos acumularon 1,000 veces mds prolina que el control, cuya concentracién
del aminodcido fue de 0.41 + 0.09 pmol g'. Mediciones de espectroscopia por esparcimiento Raman revelaron diferencias en la
acumulacién de metabolitos entre el control y las plantas sin riego a los 24 dias de suspension del riego, incluyendo un aumento en
el contenido de 4cido abscisico, dcido giberélico, 4cido indolacético y zeatina. Vicia sativa es capaz de tolerar sequias con duracién
de un mes y puede ser una alternativa ttil para la agricultura en sitios cada vez mds secos.

Palabras clave: agroecologia, ebo o janamargo, especies isohidricas, espectroscopia Raman, prolina.

C over crops provide plant cover in agricultural lands dur-
ing intercrop periods, reducing soil erosion and by in-
corporating nutrients and organic matter to the soil (Brady
and Weil, 1996). Various legume cover crops also act as
green manures by increasing soil nitrogen content through
biological fixation by the symbiotic bacteria Rhizobium.
This nitrogen supplementation can contribute to reducing

the consumption of synthetic fertilizers, which greatly in-
crease the economic and energetic costs of food production
and generate environmental pollution (Ellis and Pontius,
2010).

Vicia sativa L. is a nitrogen-fixing legume that is widely
used as green manure and cover crop (Uzum et al., 2011).
It is utilized in rainfed agriculture, where it is planted dur-
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ing the dry months utilizing residual soil humidity and late
rains. Its use as a green manure reduces the consumption
of chemical fertilizers without affecting crop yield and re-
duces contaminant leaching to water bodies (Salmerdn et
al.,2011). Another consequence of its use is the reduction of
cultivation associated costs, leading to its adoption in small
scale agricultural operations, which in Mexico are usually
rainfed and for self-consumption (De la Tejera-Herndndez
and Garcia-Barrios, 2008; Orozco-Martinez et al., 2012).

As drought progresses, the soil water potential decreas-
es and the capacity of plants to take up water from the soil
is reduced (Munns, 2002; Chaves et al., 2003; Hamdy et
al.,2003; Flexas et al., 2006). An initial response of plants
to drought is a reduction in net CO, uptake and a rela-
tive increase in the rate of respiration (Flexas et al., 2005,
20006). Plants can also respond to an increasingly negative
soil water potential by accumulating osmotically active
solutes, such as proline, which is accumulated in larger
amounts by drought-resistant cultivars of various species
than in their less tolerant counterparts (Hanson, 1976; Xue
et al., 2008; DaCosta and Huang, 2009). It has been well
documented that a buildup of the phytohormone abscisic
acid is a trigger for plant responses to drought, but the role
and the behavior of other phytohormones are not well un-
derstood for plants growing in drying soil (Nobel and de la
Barrera, 2002; Srivastava, 2002). However, the concentra-
tions of gibberellic acid, indoleacetic acid, and zeatin have
been found to decrease for droughted soybean (Zhang et
al.,2011).

Some physiological responses of Vicia sativa to a drought
were assessed in a greenhouse experiment in order to deter-
mine the potential suitability of this green manure as a cover
crop in semi-arid lands or in regions with a decreasing water
availability resulting from climate change or environmental
degradation at the landscape level. In particular, water rela-
tions of gas exchange, chlorophyll integrity, and proline accu-
mulation were considered. Also, the novel technique of Ra-
man scattering spectroscopy was utilized to corroborate leaf
content of proline and to determine phytohormone levels.

Materials and methods

Plant material and treatments. Seeds of Vicia sativa L. (Fa-
baceae) were obtained from a local vendor (Casa Trevifio,
Guadalajara, Jalisco). Seeds were sown on 10 January 2011
in nursery bags (volume of 3.8 1) containing a locally avail-
able growth medium composed of coconut fiber, tree bark,
and agrolite (CreciRoot, Sistemas Agrotec, Uruapan, Mi-
choacan, México; when watered to saturation this substrate
drains within 10 min to a field capacity of 50% by volume),
which were kept in a greenhouse at the Centro de Investiga-
ciones en Ecosistemas, Universidad Nacional Autonoma de
México, Morelia, Michoacan (19°38°55.9” N; 13°13°43.7”
W; 1,967 m), fitted with a weather station. At this site the air
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temperature inside the greenhouse averaged 17 °C during
the experiment, ranging from 2 °C to 36 °C. In turn, the rela-
tive humidity averaged 59%, ranging from 5% to 97%, and
the photosynthetic photon flux (wavelengths of 400 to 700
nm) reaching the plants amounted to 18.6 mol m™ day'.

Bags were watered every four days to saturation and al-
lowed to drain to field capacity (50% by volume). After ap-
proximately two months of development, a drought experi-
ment was established (plants had an average height of 60 +
20 cm, reflecting the genetic variability of the landrace of
Vicia sativa that was utilized) on 28 February 2011, when
irrigation was suspended for a group of five randomly se-
lected individuals and continued for a control group of the
same size. Various physiological parameters were monitored
periodically to determine the response of the experimental
group. Finally, irrigation was resumed on 25 March 2011 to
determine the kinetics of drought recovery.
Tissue water content. Plant water status during the drought
and recovery experiment was determined as the volumetric
water content of leaves. In particular, a randomly chosen
leaflet from a fully developed leaf was weighed and dried
in a gravity convection oven at 70 °C until constant weight
was obtained, before determining its dry weight. Water
content was calculated as 100 x [(fresh mass - dry mass)
/ fresh mass].
Gas exchange. Gas exchange, i.e., stomatal conductance,
transpiration, and net CO, uptake, were measured for ran-
domly chosen, fully developed leaves with a CI-340 Hand-
Held photosynthesis system (CID Instruments, Camas,
Washington, U.S.A.). Measurements, which were taken by
triplicate for each one of five plants per treatment, were con-
ducted at 16:00 h every four days. A transparent leaf cuvette
was attached to an open setting of the photosynthesis mea-
suring instrument to ensure that the microenvironmental
conditions within the chamber were as close as possible to
those prevailing in the greenhouse. The time of measure-
ment was determined after a set of preliminary measure-
ments conducted during the day for which the times for gas
exchange maxima were at 10:00 h and 16:00 h.
Metabolite quantification. Changes in the tissular concen-
tration of total chlorophyll during drought and recovery
were measured according to Lichtenthaler (1987). Three
randomly chosen leaflets from the same leaves utilized for
gas exchange measurements were separately weighed and
macerated with a cold (3 °C) aqueous solution of acetone
(80% v/v) and brought up to a final volume of 3.0 ml. Ab-
sorbance at 665 nm and 645 nm was measured with an EZ
301 Spectrometer (Perkin Elmer, Waltham, Massachusetts,
U.S.A.). The chlorophyll concentrations of the three leaflets
described above were averaged for each one of five indi-
viduals per treatment.

Proline accumulation in the leaf tissue of Vicia sativa
was measured during drought and recovery by spectropho-
tometry (Bates, 1973) for three randomly chosen leaflets
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from each one of the leaves that were utilized for gas ex-
change measurements. In particular, 1 g of fresh leaf tissue
was frozen with liquid nitrogen and homogenized in a por-
celain mortar with 10 ml of sulfosalicilic acid (3% v/v) and
filtered in a funnel with No. 1 filter paper. From the filtrate,
2 ml were taken and placed in a test tube with 2 ml of glaciar
acetic acid and a reactive solution of ninhidrin. The reac-
tive solution of ninhidrin was obtained by mixing 2.5 g of
ninhidrin with 60 ml of glaciar acetic acid (99% v/v), after
incubation at 100 °C for 15 min, 40 ml of orthosphosphoric
acid were added. This mixture was stirred in a vortex for
15 seconds, incubated for 1 h at 100 °C, and quickly cooled
in ice. Finally, 4 ml of toluene were added and stirred in a
vortex for 30 seconds. Absorbance at 520 nm was measured
for the resulting colored compound.

Raman scattering measurements were performed on one
leaflet per plant that had been frozen in liquid nitrogen and
stored in the dark at -80 °C until utilized. All measurements
were conducted at room temperature with a Raman Sys-
tems R3000 spectrometer (Ocean Optics, Dunedin, Florida,
U.S.A)) fitted with a 785 nm laser diode, a spectral resolu-
tion of 8 cm™, and a laser power of 90 mW. The measure-
ments were made in the 200 to 1,800 cm™ spectral range and
the instrument was calibrated using a Teflon standard before
each round of measurements. The measured spectra were
pre-processed by subtracting a fifth grade polynomial to the
raw spectra applying the Vancouver fluorescence removal
algorithm (Zhao et al., 2007) in order to remove the back-
ground near infrared fluorescence and leave the pure Raman
signal. A principal components analysis was performed on
the clean spectra as an initial characterization of the me-
tabolomic signatures of well irrigated and droughted plants
(Jollifee, 2002; Gonzalez et al.,2011a).

Finally, the relative tissue content of proline and the
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Figure 1. Tissue water content for V. sativa that was watered every

four days (circles) or that had irrigation withheld for 24 days and

watered again starting on day 25 (triangles). Data are means + 1
S.E. (n = five plants).
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phytohormones abscisic acid, gibberellic acid, indoleacetic
acid, and zeatin, were estimated with a vector correlation
between previously determined reference spectra for each
metabolite and the clean spectra obtained for the leaves.
This procedure has been successfully used to determine the
concentration of proteins in human skin (Gonzélez et al.,
2011b). The Vancouver algorithm, the principal components
analysis, and the vector correlation were performed with
Mathematica (Wolfram Research, Champaign, I1, USA).
Experimental design and statistical analyses. The present
work was conducted under a completely randomized design.
Data were usually analyzed with repeated measures ANO-
VAs (Sokal and Rohlf, 1995). Post-hoc pair-wise compari-
sons were conducted with Tukey tests, except for data from
Raman spectroscopy, for which Student t-tests were per-
formed at 24 days of water withholding. Statistical analyses
were conducted with SigmaStat 3.5 (Systat Software, Point
Richmond, California, U.S.A.). Data are shown as mean =+ 1
s.e. (n = sample size), unless indicated otherwise.

Results

Tissue water content for both treatments remained constant
over the course of the experiment, averaging 80% by mass for
both the well watered control and the droughted individuals
(P =0.256 from a Repeated Measures ANOVA; Figure 1).

Stomatal conductance averaged 80.33 + 7.08 mmol m?
st over the course of the experiment for plants of Vicia sa-
tiva that were well watered (Figure 2A). For the case of the
droughted plants, stomatal conductance was lower than for
the control (P < 0.001), ranging from 41% lower at 12 days
without irrigation to 55% lower at 24 days without irriga-
tion. Stomatal conductance recovered to rates similar to the
control at 8 days after resuming irrigation.

Transpiration averaged 5.07 + 0.53 pmol m? s over
the course of the experiment for plants of Vicia sativa that
were well watered (Figure 2B). For the case of the drough-
ted plants, transpiration was lower than the control (P <
0.001), ranging from 44% lower at 8 days without irriga-
tion to 59% lower at 24 days without irrigation. Transpira-
tion recovered to rates similar to the control at 8 days after
resuming irrigation.

Net CO, uptake averaged 7.82 + 0.44 ymol m s over
the course of the experiment for plants of Vicia sativa that
were well watered (Figure 2C). For the case of the drough-
ted plants, it was lower than for the control (P < 0.001),
ranging from 36% lower at 4 days without irrigation to 66%
lower at 24 days without irrigation. At 4 days after resuming
irrigation, the total CO, uptake started to increase, return-
ing to levels similar to those of the control by 8 days after
resuming irrigation.

Total chlorophyll content averaged 6.74 + 0.95 mg m™
over the course of the experiment for Vicia sativa (Figure 3).
While a trend can be observed of a lower chlorophyll content

1
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Figure 2. Maximal gas exchange parameters for Vicia sativa that

was watered every four days (circles) or that had irrigation with-

held for 24 days and watered again starting on day 25 (triangles):

stomatal conductance (A), transpiration (B), and net CO, uptake

(C). Data were obtained at 16:00 and are means + 1 S.E. (n = five
plants).

for droughted plants, the differences were not significant dur-
ing the experiment (P = 0.472).

The proline levels averaged 0.64 + 0.37 ymol g (fresh
weight basis) over the course of the experiment for plants
of Vicia sativa that were well watered (Figure 4A). For the
case of the droughted plants, prolina content became 1,000-
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Figure 3. Total chlorophyll content for Vicia sativa that was wa-

tered every four days (circles) or that had irrigation withheld for

24 days and watered again starting on day 25 (triangles). Colori-

metric determinations were conducted every four days. Data are
shown as mean = 1 S. E. (n = five plants).

fold higher at 12 days without irrigation and remained high
while water was withheld (P < 0.001). At 4 days after re-
suming irrigation, the tissue concentration of proline started
to decrease, returning to levels similar to those of the control
by 8 days after resuming irrigation.

A principal components analysis of Raman spectra for
Vicia sativa revealed that the first component explained
99.56% of the variance. A more detailed analysis of this
first principal component indicated that its magnitude for
droughted plants was similar to the control over most of the
experiment (Figure 5). However, a significant difference
was detected at 24 d of water withholding (P < 0.05). More-
over, a higher accumulation of proline was confirmed for
droughted individuals from a vector correlation of leaf vs.
reference Raman spectra (Figure 4B). Similarly, the tissue
levels of abscisic acid (20% higher; P < 0.05 from a Student
t-test), gibberellic acid (93%), indoleacetic acid (3%), and
zeatin (5%), were higher at 24 days of water withholding
for droughted individuals than for the well watered control
(Tablel).

Discussion

Drought led to a reduction in gas exchange and to an ac-
cumulation of the osmotically active amino acid, proline,
but not to chlorophyll degradation for Vicia sativa, a cov-
er crop that is also utilized as green manure, which relies
on residual soil humidity. However, over the course of the
24 days spanning water withholding, tissue water content
did not decrease. This is consistent with the behavior of an
“isohydric” species, for which the leaf water status does not
correlate with the soil water status (Lambers et al., 1998).

Botanical Sciences 90 (3): 305-311,2012
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Table 1. Phytohormone levels in leaves of well-watered or droughted
individuals Vicia sativa measured with Raman spectrometry at 24 days
of drought. Data are means + 1 S. E. (n = 5). For all phytohormones
the signal of the droughted individuals was higher than for the control
(P < 0.05, from a Student’s t-test).

Phytohormone Raman intensity of Raman intensity of
well watered plants droughted plants
(Arbitrary units) (Arbitrary units)

Abscisic acid 0.0183 + 0.0008 0.0220 + 0.0013

Gibberellic acid 0.054 + 0.0023
0.2146 + 0.0022

0.3898 + 0.0029

0.1047 £ 0.0033
0.2208 + 0.0021
0.4102 + 0.0075

Indoleacetic acid

Zeatin

For such species, the roots respond to a decreasing water
potential by producing abscisic acid, which in turn closes
stomata before a substantial water loss occurs, helping the
plant resist drought (DaCosta and Huang, 2009). Such is the
case for Hylocereus undatus, Vigna sinensis, and Zea mays,
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Figure 4. Proline content for Vicia sativa that were watered every

four days (circles) or that had irrigation withheld for 24 days and

watered again starting on day 25 (triangles): Colorimetric determi-

nations were conducted every four days (A) and Raman scatter-

ing measurements were made four times during water withholding
(B). Data are shown as mean + s. e. (n = five plants).
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Figure 5. Scores along the first axis (99.56% of variance) from

a principal components analysis for Vicia sativa that was watered

every four days (circles) or that had irrigation withheld for 24 days

(triangles). Data are shown as means = 1 S.E. (n = spectra for five
plants).

among other species, for which an interruption of irrigation
does not affect leaf water potential because the stomatal
conductance declines before any adverse effects on water
shortage reaches the leaves (Lambers et al., 1998; Nobel
and de la Barrera, 2002).

Also consistent with isohydric behavior, gas exchange
for Vicia sativa rapidly decreased after water withhold-
ing. In particular, transpiration halved at 8 days of drought,
while stomatal conductance decreased by 1/3 at 12 days of
drought. This is consistent with a response to drying soil.
For example, for a silica sand/vermiculite mixture of a simi-
lar water-holding properties as the substrate utilized here,
the water potential of a 10 cm-deep column reaches the per-
manent wilting point of -1.5 MPa at ca. 5 days after water
withholding, leading to a decrease of 1/3 in the stomatal
conductance of a succulent crop, while the water status of
the plants does not change (Lambers et al., 1998; Nobel and
de la Barrera, 2002).

The first effect of drought on plant productivity is a re-
duction of the net CO, uptake rate (Taiz and Zeiger, 2002).
Indeed, such assimilation was the most sensitive parameter
of gas exchange to drought for Vicia sativa. The fact that a
significant reduction of carbon assimilation occurred four
days earlier than a reduction of transpiration could be reflect-
ing the physiological water requirements of photosynthesis,
i.e., water is the source of electrons for photosynthesis (Taiz
and Zeiger, 2002). A faster reduction of photosynthesis than
of transpiration also occurs for Dorycnium hirsutum, Gos-
sypium hirsutum, and Phaseolus vulgaris (Samarakoon and
Gifford, 1996; Mayashita et al., 2004; Moreno et al., 2008).
While the assimilation rates of droughted plants were less
than half of those of the control individuals, no permanent
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damage to the photosynthetic apparatus of V. sativa appeared
to occur over the duration of the experiment, as suggested by
the recovery of the carbon assimilation rate within one week
of resuming irrigation and the lack of significant changes in
chlorophyll content. It is likely that a longer drought would
have led to permanent photosynthetic damage, as it occurs
for Poa pratensis (14 days of drought until permanent dam-
age; Jiang and Huang, 2001) or Festuca arundinacea (24
days of drought until death; Wang and Huang, 2004). In any
case, for V. sativa, whose lifecycle spans a mere 120 days,
the lethal effects of a drought of about a month in dura-
tion may be overpowered by the onset of senescence. In this
case, the crop can be utilized in increasingly arid locations
as long as an initial water pulse of sufficient magnitude is
available, whose magnitude requires further investigation.

While transpiration was reduced substantially following
water withholding, it did not cease. Water from the substrate
might have been extracted by the plant by further reducing
its osmotic potential, e.g., via the accumulation of proline
and other osmolites, in order to sustain the constant gravi-
metric tissue water content that was observed. Water deficit
may have induced a dramatic increase of proline concen-
tration in response osmotic stress because the accumulation
of this amino acid in the vacuoles mediates osmotic adjust-
ments (Taiz and Zeiger, 1998). In addition, proline reduces
stress-induced cellular acidification and provides energy
for recovery from drought via prime oxidative respiration
(Hare and Cress, 1997). Here, an increase in proline levels
was detected the same day that stomatal conductance started
to decrease, confirming for V. sativa, as it occurs for other
plant species, that the proline concentration can be utilized
as an indicator of plant responses to water stress.

The substantial increase on phytohormones observed at
24 days of suspending irrigation seemed to reflect plant re-
sponses to water withholding, although the specific drought
relations of each phytohormone are not well understood
(Taiz and Zeiger, 1998; Srivastava, 2002). An exception
is abscisic acid, which is a known trigger of physiological
responses to drought, such as the ones reported here (Taiz
and Zeiger, 1998; Nobel and de la Barrera, 2002). However,
our results are opposite to a decrease of the content of gib-
berellins, indoleacetic acid, and zeatin, reported for water-
stressed soybean (Zhang et al.,2011).

Vicia sativa was able to withstand a month-long drought
by reducing its transpirational water loss and accumulating
osmotically active solutes, which enabled this green manure,
cover crop to quickly recover its physiological processes
once irrigation was resumed. The extent and velocity of
physiological recovery from drought depends on the degree
of recovery of photosynthesis (Flexas et al.,2006). Here, the
fact that photosynthetic pigments did not decrease signifi-
cantly, probably allowed the plants to have a rapid recovery
of physiological processes. This suggests that V. sativa can
be planted in increasingly arid locations, especially when its

310

short lifespan is considered. Future research should validate
these findings in the field and explore such attributes as the
resistance to drought at different developmental stages, the
maximum duration of drought that still enables the develop-
ment of the crop, and the minimum initial amount of soil
humidity required. While the plant responses measured with
Raman spectroscopy were not detected as early as with con-
ventional spectroscopic measurements, this methodology
could be utilized for real-time in-vivo physiological studies
and can be expected to advance our understanding of plant
metabolomics in the near future.
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