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Abstract Biosynthesis of proline — or other compatible sedut- is a conserved
response of all organisms to different abiotic ssreonditions leading to cellular
dehydration. However, the biological relevancehid teaction for plant stress tolerance
mechanisms remains largely unknown, since therevarg few available data on
proline levels in stress tolerant plants under r@toonditions. The aim of this work
was to establish the relationship between proleeels and different environmental
stress factors in plants living on gypsum soilstibgithe 2-year study (2009-2010), soill
parameters and climatic data were monitored, aalingrcontents were determined, in
six successive samplings, in ten taxa presentlacteel experimental plots, three in a
gypsum area and one in a semiarid zone, both lbcatéhe province of Valencia, in
south-east Spain. Mean proline values varied saamfly between species; however,

seasonal variations within species were in manyesasen wider, with the most
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extreme differences registeredHilianthemum syriacum (almost 30 pumol §of DW in
summer 2009, as compared to ca. 0.5 in springpénad the plots of the gypsum zone).
Higher proline contents in plants were generallgavbed under lower soil humidity
conditions, especially in the 2009 summer sampjingceded by a severe drought
period. Our results clearly show a positive cotreta between the degree of
environmental stress and the proline level in nadsthe taxa included in this study,
supporting a functional role of proline in stresketance mechanisms of plants adapted
to gypsum. However, the main trigger of prolinedyiathesis in this type of habitat, as
in arid or semiarid zones, is water deficit, whihe component of ‘salt stress’ due to the
presence of gypsum in the soil only plays a seagnuide.

Key words Abiotic stress, osmolytes, stress tolerance, sehsamiation, soil humidity,

water deficit
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Introduction
A conserved response of plants to different abistress conditions causing cellular

dehydration, such as drought and high soil salinisy based on the synthesis of

osmolytes, very soluble organic compounds thatazmumulate at high concentrations
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in the cytoplasm without interfering with the metébm and are therefore considered
‘compatible’ solutes (Flowers et al. 1977; Yance9@x2 Szabados et al. 2011). Apart
from their contribution to osmotic adjustment, o$ytes also act as ‘'osmoprotectants’,
directly stabilising proteins and membrane strieguunder stress conditions and
protecting plants from oxidative damage — a genszabndary effect of abiotic stress —
by their ROS scavenging activity (Yancey 2005; A$land Foolad 2007; Flowers and
Colmer 2008). Osmolytes are diverse from the chalpoint of view, but one of the
most common in plants is proline (Pro), which issidered a reliable biochemical
marker of abiotic stress as it accumulates in nespdo soil water deficit, increasing
salinity or low temperatures (Hare et al. 1998;fzs and Savouré 2010).

Most reports on the stress-induced biosynthesiscarhpatible solutes —
including Pro — refer to experiments carried ouhgsstress-sensitive model species
such asArabidopsis thaliana, under artificial laboratory or greenhouse cowais.
Therefore, the relative importance of differentiemwmental factors for the induction of
osmolyte biosynthesis in stress-tolerant plantsvgrg in their natural habitats is still
largely unknown (Grigore et al. 2011).

Gypsum soils, which are characteristic of arid emsarid regions with an
annual rainfall below 400 mm (FAO 1990), represant adverse habitat for the
establishment and development of plant communifRsacio et al. 2007; Martinez-
Duro et al. 2010), partly because of their chempcaperties: they are generally poor in
organic matter and contain very low levels of N aRd(FAO 1990); the high
concentration of soluble Ca interferes with thealyptby plants of other macronutrients
(P, K, or Mg) and reduce the availability of severacronutrients, such as Zn, Fe and
Mn. Some physical characteristics, such as weakeggtjon of soil particles, poor
water retention capacity or formation of hard gypstrusts which impede penetration
of roots, also limit plant growth (FAO 1990; Verleegind Boyadgiev 1997). However,
gypsum habitats are extremely interesting from ewmlogical point of view: they are
highly threatened by human activities and very gieesto the foreseeable effects of
global climate change, and the vascular flora delog these zones includes many
endemic and/or rare taxa (e.g., Meyer 1986). Thegefit is somewhat surprising that
there are still very few reports on the biochemarad physiological responses of plants

adapted to gypsum environments (e.g., Alvaradol.eR@00; Palacio et al. 2007).
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Concerning osmolyte biosynthesis in plants from sygyp areas, the only previous
study, to our knowledge, was carried out by Alvaratial. (2000), who determined Pro
levels in five gypsophytes but did not analyse fmsscorrelations between Pro
accumulation and environmental stress factors.

In the frame of our studies on the physiologicalction(s) of osmolytes in plant
stress tolerance mechanisms in nature, in the mregerk we have determined Pro
contents in several species present in three ewpatal plots, defined by their position
along a slope in a gypsum area, as well as in @hfqlot located in a calcareous, non-
gypsiferous zone. Six samplings were carried oet avperiod of two years, and spatial
and seasonal changes in Pro levels were correlgitbdseveral soil parameters and
meteorological data. The specific aims of this gtugre to confirm the relationship
between Pro contents and the degree of abiotisssaffecting the plants in their natural
habitat, and to establish the relative importantceitberent environmental factors for

Pro accumulation in the investigated species.

Material and Methods

Selection of experimental sites and plant speciesmd sampling design

The main study site is located near the villag&wéjar, in the Province of Valencia
(SE Spain) (39°47°28”N, 1°04'25”W) at 603 m.a.slhree 10 x 10 m plots (P1, P2 and
P3), located on a hillside with a SW orientationl @anslope variable between 11.5° and
199, were selected according to the presence ot gleecies that were indicators of
gypsum. Plot P1, situated at the top of the sloyss the driest, but had the lowest
gypsum content, whereas plot P3, at the bottom, thsnost humid and flattest, but
contained more gypsum since soluble material, edrdownhill by rains, is deposited
and precipitated in the lowest part of the slopdoéth plot (P4) was chosen in a non-
gypsum area near Bétera (Province of Valencia)3@94"N, 0°28'33"W), at 220
m.a.s.l. on calcareous soils and under semiariaté conditions, where the main

restrictive factor for plant growth was water ashility. The experimental work lasted
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two years: 2009 and 2010. Plant material was deltesix times in spring, summer and

autumn in both years.

Plant species

The study area is characterised by the presenggpsfum indicator plants, such as
Ononis tridentata subsp. angustifolia and Gypsophila struthium subsp hispanica
(included in the associatio®nonidetum tridentatae Br.-B. and O. Bolos, 1858).
According to Mota et al. (2009), these two speeies considered severe gypsophytes
and are included in the checklist of Iberian gypsaes; both are classified in the scale
ranking as 5, meaning that they are species exelusi gypsum soils. The remaining
taxa were either gypsovags — plants that often gmevare abundant on gypsum soils,
but are also present on other soil types — or aatads which, according to the
definition by Mota et al. (2009), are indiffererd $oil type or even exhibit optimal
development in other habitats, and their presenagypsum is accidental.

Altogether, ten taxa were selected (Table 1) adngrtb several criteria: only
perennial species were considered in order to atojdant material from the same
individuals in all the samplings as far as possibtene species present in different plots
were chosen for comparative analyses, along witbsigy indicators (gypsophytes),
even if they were present only in one plot; finaley few species not found in the
gypsum area, but specific for arid and semiaridi$anvere also included. In the area of

Bétera, vegetation is dominated by Mediterraneambsspecies and grasslands.

Soil characterisation and soil and climate monitomg

At the beginning of the study (spring 2009), sdili@acteristics were analysed in three
random soil samples taken from each experimentdlgbla depth of 0-15 cm, after they
were air-dried and passed through a 2 mm sieves@yontent was estimated by the
reduction in sample weight between 60° and 105°€ tduloss of hydration water
(adapted from FAO, 1990). N mineral content wa®eined by extraction with 2 M
KCI, followed by a colorimetric determination oftmc and ammoniacal nitrogen (FIA

system). Soil samples were sieved (2 mm) and wgteaed with 2 M KCI to
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determine mineral nitrogen. NON was determined by the Griess-Alloway technique
after reduction of N@to NO, with a Cd column (Keeney and Nelson 1982) and-NH
was determined by ammonia steam distillation incemtrated NaOH using flow
injecting systems (Tecator 1984). Extraction ofiladde P was carried out with a
diluted acid solution (43 mM acetic acid containlhghM H,SQy) according to Burriel
and Hernando (1947), and P in the extract was m@ted colorimetrically by ascorbic
acid method (Kuo 1996). Available K was determined flame photometry after
ammonium acetate extraction (Knudsen et al. 198R)the soil samples, after being
passed through a 0.5 mm sieve, were analysed fdalole organic C by the Walkey-
Blak method (Nelson and Sommers 1982). Water hgldapacity was determined as
the fraction of water retained in soil in a pregsahamber at 20 kPa. A 1.1 soil:water
extract was prepared to determine electrical caidtyc (EC) and soil solution
composition: C& and Md* by complexometry, Naand K by flame photometry, and
CI" using a Sherwood Chloride Analyzer 926.

To monitor the variables that were considered irtgmtrfor the induction of
biochemical responses in plants, in each Tuéjar, gleveral multiple sensors (5TE,
Decagon) for salinity, humidity and temperature sugaments were installed on 29
April, 2009 at depths of 10 cm and 20 cm, and veerenected to a datalogger (EM50,
Decagon). In P4 (Bétera), four sensors for soilewatontent and four sensors for
temperature were installed at depths of 10 cm &nch® Additional sensors to measure
air temperature and rainfall were also connectetthéodataloggers in plots P2 and P4.
Climatic data for the month previous to the firstrgpling were obtained from the
nearest meteorological stations, located less 3ham for the gypsum area and at about

10 km from the semi-arid zone.

Proline quantification

Proline contentsvere measured in two gypsophytes and in six gyggpopaesent in the
Tuéjar area and in five species from Bétera, tbfeehich were common to the gypsum
area (see Table 1). Young shoots were sampledatepairom five individuals for each
taxon, cooled on ice and transported to the laboyatvhere leaves were separated

from branches. Part of the leaf material was froaeth stored at -75°C, and the rest was
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dried in the oven at 65°C for 3-4 days until constaeight to obtain the percentage of
dry weight (DW) of each individual. Pro was exteatfrom 0.1 g of frozen material in

liquid nitrogen and quantified according to the hoet of Bates et al. (1973), as
modified by Vicente et al. (2004); Pro content wapressed ipmol-gr* of DW.

Statistical analysis

Data were analysed by the StatGraphic Centurionpi@yramme. Significance of
differences among seasons in the species sampl@mlynone plot was tested by
applying a one-way ANOVA. Prior to ANOVA, the noriitg and homogeneity of

variance were also checked. When the ANOVA nulldtlgpsis was rejected, post-hoc
comparisons were performed using the LSD test.tk@rtaxa present in at least two
plots, a two-way ANOVA was applied to check theemrction between plot and
sampling season. In order to correlate ecologmetofs to proline levels, a multivariate
approach of a principal component analysis (Mari@md Maes 1989) was followed.
The ecological variables that significantly corteth with proline content were
subjected to the principal component option aftgrevious autoscale. In addition, a
separate analysis between the mean proline levedadh plot and previous cumulative
rainfall was performed for the species presentllirih@ plots by applying non-linear

regression.

Results

Soil and climate data

The three topographical positions in the Tuéjamaieowed significant differences in
gypsum and carbonate content (Table 2). As gypsomtent increased, calcium
carbonate content tended to decrease vamedversa. The two higher plots (P1 and P2)
showed similar gypsum and carbonate contents, Hmutidwest plot on the hill (P3)

presented significantly higher gypsum content awveel carbonate content. The plot in

the semiarid area in Bétera (P4) had no gypsumvangdhigh carbonate content. The
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soil in Bétera was more alkaline than in the gypsanea, due to its higher calcium
carbonate content (Table 2).

Gypsum-rich soils are normally poor in organic matt(FAO 1990);
accordingly, the lowest level of organic matter vi@msnd in P3. When comparing the
chemical characteristics of the soil in the gypgsbitat in Tuéjar and the semiarid zone
in Bétera, the highest differences (significanthet 99% confidence level) were found
in the CaCQ content (more than 8-fold higher in Bétera thae #verage value in
Tuéjar), but levels of soluble Ca and Mg, and eilezt conductivity in the 1:1 water
extract, were considerably higher in gypswa. non-gypsic soils. Significant
differences, at the 95% confidence level, were nd®d in the amount of available P (4-
fold higher in Tuéjar) and K; the latter was higloaty in P1, located at the top of the
slope in Tuéjar, but was similar in the remainihgee plots from both areas (Table 2).
When comparing only the three plots in Tuéjar, B8 more than double the amount of
gypsum than P1 and P2, had much less GaC®hich was expected — but also less
organic C and less available K. P1, situated atdpeof the slope, had almost a 4-fold
higher amount of Mg and more than double Gh a 1:1 water extract. P1 was the
nearest to the interface between the geologicatastf gypsum and the upper strata,
accounting for its higher soil fertility, as indted by its mineral N content, available K
and water soluble Mg. This plot also presentechtliighigher levels of soluble salt in a
1:1 water extract: 2.61 dS/ms. 2.43 in P2 and P3 (Table 2). These values aritasito
those reported by other authors (Pueyo et al. 2007)

A quite different hydrological behaviour was notadhe two study years: 2009
and 2010 (Fig. 1). The sensors installed in Bégtrawed that water content varied
between values close to 0 (summer 2009) to ab@5t 1%/m° of soil (spring 2010); in
Tuéjar, the corresponding values ranged from 00L28 ni/m°. A stronger response to
water loss by evapotranspiration was found in Rét€Ex), where soil was very shallow.
When comparing the three plots in Tuéjar, soil lditpiwas generally much lower in
P1 and the variation in humidity was also highdrisTis explained by the topographic
position of P1, situated in the upper part of tlope with less soil depth, but there was
also a higher degree of stoniness in this ploti&t&ted at the bottom of the slope, was
the zone that maintained higher levels of humiditye soil humidity values reveal that

the annual soil drought pattern in summer, typafathe Mediterranean climate, was
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more rigorous in 2009 than in 2010. Spring 2009 W5 with scarcely any rainfall
from May to August; therefore, the 2009 summer dangollection was carried out
after a considerable soil water deficit periodtia same year, rainfall in September was
about 80 mm, the result of a significant precipaiatwhich filled the soil water reserve.
Both the winter and spring of 2010 were wet. The period began later in July, but
lasted until November; therefore, the 2010 sumnaenpding was carried out after a
rainy period, while the autumn sampling followed-anonth drought period. Table 3
summarises the mean climatic variables for the mpnevious to each sampling. Since
the effect of rain on plant water availability istnmmediate, as it depends not only on
the amount of rain, but also on evaporation anbveatier holding capacity, the rainfalls
from the previous two months were also includedl Ramidity data, especially in the
two summers, provided by the sensors, better ate@lwith the 2-month period than
with the 1-month period. In general, even though shmpling dates in the two areas

were not exactly the same, the rainfall in Tuéjaswnore abundant than in Bétera.

Proline quantification

The mean Pro values per species (including alktmplings and all the plots) varied
from a minimum of 0.Gumolesgr® of DW in Stipa tenacissima to a maximum of 3.92
umolesgr® of DW in Ononis tridentata. As expected when including species of
different genera and families, Pro showed broadviddal variation, ranging from a
minimum of 0.18umolesgr® of DW recorded irS tenacissima from P4 (Bétera) to a
maximum of 29.54umolesgr® of DW in H. syriacum from P2 in Tuéjar (individual
data not shown). When considering Pro level vammatvithin one species, the least
variation was again found f tenacissma (individual values ranging from 0.25 to 0.91
umolesgr® of DW) and the maximum was recordecHnsyriacum (from 0.48 to 29.54
pmolesgr® of DW). The seasonal mean values for the specisept in only one plot
are summarised in Table 4, whereas those presanbia than one plot are shown in
Fig. 2.

Gypsophila struthium showed relatively low mean Pro values which peaked
the spring of 2009, followed by a second higheugah the spring of 2010 (Table 4). It
Is worth mentioning that this plant species was@ne in the study area exclusively in
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P3, this being the plot that best maintained magstbroughout the year; hence, water
stress was not so accentuated in summer. Prolm&tioa was again significant in the
three species present only in the semiarid zonbl€¢T4): Sipa offneri andDorycnium
pentaphyllum had considerably larger amounts of proline in sem2009, butSipa
tenacissima showed lower values in all the seasons.

Fig. 2 illustrates seasonal proline variation ia thxa present in more than one
plot. Very high proline values were recordedHdianthemum syriacum in the summer
of 2009, especially in plots P1 and P2. A similattgrn was also detected in
Rosmarinus officinalis, Cistus clusii, Anthyllis cytisoides and Thymus vulgaris, which
again presented the highest proline contents imsem2009. During that extremely dry
period, collection of the plant material of thetlaged species was possible only in P3,
which best maintained soil humidity, since the pafmom drier areas (P1 and P2 in
Tuéjar, and P4 in Bétera) had completely lost ladlirt leaves; this is an adaptation
strategy of several Mediterranean genera to thedmgtsummers characteristic of this
type of climate. In contras©nonis tridentata showed a relatively high mean Pro value
and a different accumulation pattern, with a notdbgher content in autumn than in
the previous summer in both years.

A two-way ANOVA was carried out for the species q@et in more than one
plot (Table 5) by taking ‘plot’ and ‘sampling datas factors. Differences according to
sampling date were significant at the 99% configefevel in all the taxa. When
considering the ‘plot’ factor and the interactioatween plot and sampling date, the
differences found were significant for all the taraceptOnonis tridentata. A plot and
season interaction was found for the species saripten all the plots, but also in
Cistus clusii and Anthyllis cytisoides, present only in the gypsum area. Wihclusii,
which was sampled from plots P1 and P3, the clen&dctor response pattern was
strikingly different, with considerably high proénvalues in summer in the plants from
plot P1. These differences between proline contenpéants from different plots in the
gypsum area were also detected in other speciescandbe explained by the
aforementioned differences in soil humidity.

The increase in Pro contents in summer 2009, apaad to other seasons, was
due to specific Pro biosynthesis, and probably &sahibition of Pro degradation, but

not to non-specific protein degradation under stimnditions since a parallel increase

10
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in the general pool of free amino acids was noeaetl in these species (data not
shown).

To confirm the apparent relationship between emvirental factors and proline
levels, a principal component analysis was cargat] which included the soil and
climatic variables that significantly correlatedthviproline content: previous month
mean temperature (Mean T), previous month soil diuynat a depth of 10 cm (Hum
10), previous month soil humidity at a depth of @0 (Hum 20), cumulative rainfall
from two previous months (Rain 2 month) and eleatriconductivity in the 1:1 soil
water extract (salinity). Two components with agegivalue equal to or greater than 1
explain a cumulative percentage of variance of 68¥%ese two components were
applied to obtain the interrelation between vagabdnd objects. The loading vectors
plot shows the relationship between variables (Big. The first component, which
explains 48% of variance, positively correlatedhwtihe climatic variables associated
with water loss (mean temperature), and negatiayelated with the variables
associated with water availability (previous twontis’ rainfall and soil humidity at
depths of 10 cm and 20 cm). The second compondmthvexplains an additional 20%
of variance, related to the soil electrical condutst value. Thus, proline accumulation
in plants from gypsum environments is influencedstlyoby soil water deficit, but also,
to a lesser extent, by salinity.

Finally, to establish the response of proline aadaton to the soil water
reserve, for the species present in all the ptbessmean proline content was correlated
with previous cumulated rainfall for periods rargifrom 15 days to 4 months. For
most species, the best fit was an exponential lediwa with rainfall from the two
months previous to sampling of plant material. Ehesrrelations are shown only in the
case ofRosmarinus officinalis (Fig. 4), but the trend was similar in all thedaanalysed.
The P1 plants showed a higher proline content under rainfall conditions if
compared to those in P3, which is more humid sihisea drainage area and there was
an additional entry of runoff water from upper Iphrts. The best fit was noted in plot
P4 (semiarid zone). With the exception of the \aiysummer in 2009, Pro levels were
generally lower in this plot, but their variations@a correlated very well with
accumulative rainfall. The lower Pro values recdrde this area can be explained by

the presence of different species, but is alsotduihe fact that soil solution did not

11
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include high levels of soluble salts; thereforeréhwas no ‘ionic stress’ to be added to

water stress.

Discussion

The cellular accumulation of Pro — or other conigatsolutes, such as glycine betaine
or different soluble carbohydrates — is well esthigld as a general response of plants to
abiotic stress (Ashraf and Foolad 2007; SzabaddsSavouré 2010). This notion is
mostly based on experiments in which plants argestdd to stress treatments under
controlled — but artificial — conditions in labooay set-ups. However, field studies
correlating changes in osmolytes contents withtyijpe and degree of environmental
stress affecting the plants in their specific retitire very scarce, and these few reports
have usually dealt with plants adapted to salilf@arenments (e.g., Murakedzy et al.
2003; Gil et al. 2011). Therefore, the relative todtion of different environmental
stress conditions to osmolyte biosynthesis, andiblegical relevance of this response
for plant tolerance mechanisms in nature remaupelgrunknown.

Studies on plants growing in gypsum areas havelyntistused on restrictive
ecological factors characteristic of these hahisush as the formation of hard gypsum
crusts, which hinder seedling establishment anavirdMeyer 1986; Escudero et al.
1999; Romédo and Escudero 2005), or the importarfcéemain topography for
gypsophile vegetation patterns (Meyer et al. 1992eyo et al. 2007); there are also
several studies dealing with seed germination gisgphytes (e.g., Escudero et al.
1997; Caballero et al. 2003; Ferriol et al. 200@rivho et al. 2011). Yet there are very
few reports on the physiological and biochemicaponses of plants adapted to gypsum
environments, including for example those by Palaet al. (2007), who found
differences in the chemical composition of ash leetwgypsophytes and gypsovags,
and by Alvarado et al. (2000) on nitrogen metalboli®m five species growing on
gypsum. The latter publication also reports Proteats in those plants, but without
addressing possible correlations with environmesitass factors. Therefore, the work
reported here constitutes the first systematic ystad osmolytes accumulation in
response to abiotic stress in plants of gypsumtaizsbi

12
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We have focused our studies on Pro, which turnédabe a good indicator of
environmental stress in most taxa under study, iangery likely involved in stress
tolerance mechanisms. We also quantified other bgeso— glycine betaine and total
soluble sugars — in four of the selected tasgpéophila struthium, Helianthemum
syriacum, Ononis tridentata and Rosmarinus officinalis), but did not find any
meaningful correlation between their patterns ofiaton and abiotic stress factors
(data not shown).

We also found that Pro levels strongly vary amomg $amples collected in
different seasons; that is, under different climatonditions. In fact, in many cases,
variation within one species is similar to, or ewgaater than variation among species.
This broad variability in Pro levels depending ewieonmental factors should be taken
into account when quantifying Pro in plants cokekctin the field. However, most
previous studies have been based on single samptihglant material, for example
from saline habitats (e.g., Briens and Larher 198Rirdamaz et al. 2006), and it is
doubtful that the information they provide can bengralised; in addition, it seems
extremely difficult to reach meaningful conclusionken comparing quantitative data
on osmolyte levels obtained independently in plantsving in the field.

There are several environmental factors that méectabariation in Pro levels in
plants from gypsum zones, especially those relatngalt and water stress. If gypsum
itself were the most relevant stressful factor, eveuld expect to detect higher Pro
levels in the plants present in those areas witjindri gypsum contents in soil. Our
results, however, indicate precisely the opposite: plants from P3, the experimental
plot with a larger amount of gypsum which roughbublles P1 or P2, present generally
lower Pro contents when considering the mean vadiesll the taxa per plot or if
considering those taxa present in all three plepagately. On the other hand, although
soil electric conductivity is, on average, 7-folgrer in the gypsum area than in the
semiarid zone (P4), we found only slightly higheo Ralues in the plants from Tuéjar
when compared to those from Bétera. In fact, thieigalevels in the gypsum area are
moderate and steady throughout the year sinceothsadution composition is regulated
by the low solubility of gypsum; this means thae thoil solution remains gypsum-
saturated irrespectively of humidity. These findingre in agreement with previous
reports (Rubio and Escudero 2000; Romao and Estu2léd5) suggesting that the
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chemical toxicity of gypsum soils is not a majostreetive factor for plants in such
habitats, contrary to what had been proposed lar @lithors (Ruiz et al. 2003).

According to this reasoning, environmental factottser than salt stress should
be more relevant for induction of osmolyte bioswsik in gypsum zones and, indeed,
we found a clear negative correlation between tiodd¥els in plants and water content
in soil. These data suggest that the major triggd?ro biosynthesis is water deficit in
soil, not only in plants from the semiarid zonet also in those from gypsum habitats.
In the latter case, however, the ‘salt stress’ comept plays an additional secondary
role. The combination of water stress and ioniddiox can partly explain why the
plants from gypsum areas show relatively higher|Bvels as a general pattern, except
during severe drought periods. Water availabilitysummer is the major restrictive
factor for many Mediterranean-type habitats; atyualhe very definition of the
Mediterranean climate is based on the presencd tdaat two consecutive months
characterised by summer drought (Rivas-Martinez Bivhs-Sadenz 2009), and the
importance of soil-water relations has already besealed in former studies (Parsons
1977). In our study, water balance represents ta@mecological factor in relation to
Pro synthesis in plants from gypsum habitats; tumes over quite clearly when
considering the relatively lower Pro levels durdrgught periods in plants from P3, the
plot that has a higher gypsum content but is mamiti. According to Meyer and
Garcia-Moya (1989), water penetrates more deeplgypsum due to its low water-
retention capacity, but it moves upwards in respdosthe gradient created by surface
drying to result in a more continuously moist nsarface environment.

The correlation of Pro amounts in the plants withieonmental factors becomes
more evident when considering temporal variatiansgeneral, higher Pro levels are
found during drought periods, as inferred from pinecipitation and mean temperature
data obtained from the area, and also from thel I@afall and soil humidity data
recorded by the sensors installed in the experiahgnibts. Over the 2-year study
period, the strongest water deficit was observedyem the summer of 2009;
accordingly, most taxa presented significantly bigRro content values in the plants
sampled in July 2009. In 2010, the drought peri@d wot as intense as in the previous
year, and lasted from late summer to late autusingféected in the higher Pro values in

those plants sampled in November if compared tedlollected in July.
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Interestingly, a different Pro accumulation pattevas detected in the two
gypsophytes present in the gypsum area: significéimgher Pro values were recorded
in spring inG. struthium and in the autumn sampling @. tridentata for both years.
Several authors have discussed different ecologittategies (Rubio and Escudero
2000; Pueyo et al. 2007; Martinez-Duro et al. 20Hd)d even different chemical
compositions (Palacio et al. 2007), between gypg®shand gypsovags. We believe,
however, that the different Pro accumulation patigrobably does not relate to these
two categories, but is more likely associated wiimetic differences or morphological
traits, such as succulencentridentata andG. struthium

In short, the results presented and discussedrhelearly show a correlation
between environmental factors and the Pro levehaost of the taxa included in our
study, supporting a functional role of Pro in séréslerance mechanisms. Although
some species may not follow the general patterrobgbly because they are not typical
Pro accumulators, but instead use a different ctiblpaosmolyte such as glycine
betaine or some sugar(s) — we conclude that Pro beayconsidered a reliable
biochemical marker of abiotic stress in plants &eldgo gypsum. However, the main
trigger of Pro biosynthesis in this type of habitd in arid or semiarid zones, is water
deficit, and not ‘salt stress’, due to the presentegypsum, which only plays a
secondary role.
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FIGURE LEGENDS

Fig. 1 Rainfall and soil water content recorded by tha gauges and the two sensors
installed at a depth of 10 cm in all three experitakplots (P1, P2, P3) in Tuéjar (a)
and in the one plot (P4) in Bétera (b)

Fig. 2 Seasonal variation of proline content on the asesent in more than one plot:
Helianthemum syriacum (Hs), Ononis tridentata (Ot), Rosmarinus officinalis (Ro),
Thymus vulgaris (Tv), Cistus clusii (Cc) andAnthyllis cytisoides (Ac). Bars indicate
mean values and standard deviation calculated5Snirglividuals per plot and season,

and per species

Fig. 3 Biplot from the principal component analysis shogvihe relationship between
proline content and ecological variables: previoumth mean temperature (Mean T),
previous month soil humidity at a depth of 10 crmuifiH 10), previous month soll
humidity at a depth of 20 cm (Hum 20), cumulati@nrfrom two previous months

(Rain 2 month) and electrical conductivity in thé& %oil water extract (salinity)
Fig. 4 Exponential correlation between the mean prolima &infall accumulated in a

60-day period prior to plant material samplingRasmarinus officinalis for the four
experimental plots (n=5)
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601

Table 1 Location (plot number) of the plant material. P2 and P3 are located on

602 gypsum substrate and P4 is a comparative plot dtaremus soils under semiarid
603 climate conditions
604
Taxa under study Abb?  Sampling
zone
Anthyllis cytisoides L. Ac P1, P2
Cistus clusii Dunal Cc P1, P3
Dorycnium pentaphyllum Scop. Dp P4
Gypsophila struthium L. in Loefl. subsphispanica (Willk.) G. Lépez  Gs P3
Helianthemum syriacum (Jacg.) Dum.-Cours Hs P1, P2, P3, P4
Ononistridentata L. subspangustifolia (Lange.) Devesa Lopez Ot P1, P2, P3
Rosmarinus officinalis L. Ro P1, P2, P3, P4
Stipa offneri Breistr. So P4
Stipa tenacissima L. St P4
Thymus vulgaris L. Tv P1, P2, P3, P4

605
606

2 abbreviation
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607 Table 2 Soil characteristics of the three plots from tgpsym area (P1, P2 and P3) and
608 of the plot from the semiarid zone (P4) correspongdo the spring 2009 sampling. Data
609 represent mean valuesSD of three samples per plot
610
Soil property Zone Significance
P1 P2 P3 P4 level
Gypsum content (%) 34+ 277 33+ 11% 71+ 9 - *
CaCQ content (g kd) 165+ 54 189+ 17° 76+ 28 435+ 31° ok
pH 7.82+0.08 7.79+0.04° 7.74+0.05 8.42+0.0Z ok
Organic carbon (g kb 285+ 12.6 26.7+11.4 16.5+3.3 24.2+47F *
Mineral nitrogen (mg kg 5.3+3.7 2.0£09 21+ 1.4 1.2+ 0.7 *
Available P (mg kd) 3.9+ 1.0% 3.6+ 1.4 4.6+ 2.8 1.0£0.5 ok
Available K (mg kg 325+ 98 209+ 69 191+ 627 206+ 27° ok
EC 1:1 extract (dS 1) 2.61+0.06 2.44+0.08 243+0.04 0.36+0.03 ok
Ca 1:1 extract (mM) 16.6+ 0.4 165+0.3  16.6+0.4 1.7+0.2 ok
Mg 1:1 extract (mM) 255+ 0.34 0.64+0.26 0.67+0.18 0.28+0.04 hx
Cl 1:1 extract (mM) 0.46+0.23 0.21+0.02 0.2+0.00 0.2+0.04 NS
Na 1:1 extract (mM) 1.86+0.78 0.67+0.33 1.07+0.04 0.31+0.05 o
K 1:1 extract (mM) 0.87+0.43 0.28+0.15 0.54+0.06° 0.15+0.04 *

611
612
613
614
615

616

*xx k% or NS, indicate significant differenceat the 0.001, 0.01 and 0.05 probability

levels or not significant, respectively. Values twitifferent lower-case letters show

significant differences at the 0.05 probabilitydév
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617 Table 3 The sampling dates and means of mean, maximumnananum daily
618 temperature and accumulative rainfall. For tempeeathe previous month to sampling
619 data is considered; for rainfall, both one and tmanths are taken into account

620

Variable
Sampling Mean T Max T Min T Accumulative rainfall
dates (mm)

(°C) (°C) (°C) 30 days 60 days
Tuéjar
29/04/09 11.6 17.7 5.5 34 100
13/07/09 24.8 33.3 16.4 7 17
11/12/09 11.7 18.3 5.1 11 35
26/04/10 12.0 18.4 5.6 113 193
19/07710 23.4 31.4 15.4 3 129
26/11/10 11.1 17.2 5.0 37 91
Bétera
06/05/09 14.9 224 7.9 38 81
31/07/09 25.9 31.6 19.8 3 3
18/12/09 11.5 18.7 7.0 36 46
29/04/10 14.1 20.6 7.7 35 75
20/07/10 24.3 30.6 17.4 3 76
18/12/10 11.9 18.9 5.6 10 49

621
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622 Table 4 Seasonal variation of proline conteptr(ol-gi*DW) for the different species present in only of.pMean values SD (n=5)
Sampling date o
Significance
Spring Summer Autumn Spring Summer Autumn
Species level
2009 2009 2009 2010 2010 2010

Gs 3.03+ 0.59 0.56+ 0.1% 0.76+ 0.12° 1.07+0.38 0.43+ 0.09 0.51+0.1%

So 0.23+ 0.06' 5.79+ 1.52 0.66+ 0.04° 0.48+0.23 2.56+ 0.67 1.74+ 0.68° ok

St 0.26+ 0.14 0.76+0.19° 0.92+ 0.54 0.25+ 0.05' 0.31+0.17° 0.40+ 0.28° *k

Dp 0.67+0.06' 13.23+ 3.29 2.15+0.08 0.70+ 0.06' 0.31+0.12 2.06+0.18 ok
623
624 For each species, *** or ** indicate significantffdrences at the 0.001 and 0.01 probability levedspectively. Values with different
625 letters present significant differences at the @@bability level.
626 Gs:Gypsophila struthium (P3); So:Stipa offneri (P4); St:Stipa tenacissima (P4); Dp:Dorycnium pentaphyllum (P4).
627
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628 Table 5P-values from the two-way ANOVA indicating the sttital significance of

629
630

631

the plot and season factors in the taxa presenpire than one plot

Species A. Plot B. Season AXxB Interaction
Ro 0.0278 0.0000 0.0189
Hs 0.0000 0.0000 0.0000
Ot 0.0509 0.0000 0.0646
Tv 0.0179 0.0000 -
Cc 0.0000 0.0000 0.0000
Ac 0.0001 0.0000 0.0191
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635 Figure 2
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637 Figure 3
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