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ABSTRACT

ENVIRONMENTAL STRESS RECOVERY OF HORNED POPRELAUCIUM SPR)USING

GROWTH REGULATORTREATMENTS

Plant species and cultivars within a speegy in their recovery from salinity and drought
stresses when conditions become more favorable. Water conseresf@cjally in arid and
semiarid regions of the worlts a necessity. Plant species, and cultivars within a species, vary in
their salinityand drought tolerance. These variations are the result of variations in gatiag rel
to drought tolerance mechanisms and their interaction with the environment. Incorddute
water usage, it is important to understand the mechanisms of planttiasapiasalinity and
drought stressedlany reportshaveconfirmed the internal modification in growtkgulatorin
terms of types and concentrations under stress conditixternally appliedgrowth regulator
amendments affect the internal balance ofmgnaegulatorandcan help the plant to regrow and
recover from stress. Horned Poppigslaucium spr) are members of the Poppy family,
Papaveraceae, that are native to the Mediterranean and Middle East iljibasied poppies
have bluegreen foliagehat is deeply pinnatified to pinnatisect agplically grow 3050 cm long.
The leathave varying degrees of texture from glaucous to villoudeAilesare lyrate to sublyrate
shaped and have a rosette growth habit. They have solitary blooms on flalkertisat grow
above the foliage. All species have four petals in their corolla and their pistiripletely
surrounded by stamens. They all develop long hesheghed seed siliquiforms with the stigma
remaining to cap off the top of the fruit. Speci¢srerest in this studyere G. flavum G.
grandiflorum G. acutidentatunandG. corniculatumG. flavumCrantz is the most widely spread

species in the genus. It's distinguished from other spstiesedby several characteristics. The



sepals have crisp, pilose hairs on the surface and the petals can be solid yellowededshr r
mauve. G. flavumis most often recognized for the yellow petals and mroonly referred to as
the Yellow Horned PoppyG. acutidentatunms the most glabrouspecies with smooth sepals and
ovaries. Although the ovary is smooth, the resulting siliquae is subtorulose. The pe&iict
orangebuff in color. G. grandiflorumhas only one main flower stem while other species have
multiple flower stalks growingrébm the lase of the rosette The sepals have short, stiff hairs
making the surface hirsute. The petals are dark orange to crimson red with a blatkh&pbase
of the petal G. corniculatum(L.) J.H. Rudolphhas some unique characteristics.|d&f have a
soft, villous texture and its sepals are scabrous to hirsute. The petald@xe gnge or red.

The objectives of this study were to 1) determine whether applicafiéscisic acid
(ABA), salicylic acid (SA), fusicocci(FC), and ethepho(E) could promoteslaciumspp.
Growthand recovery from salinitytress?2) determine whether applicatioois(ABA), (SA),

(FC), and(E) could promoteslaciumspp. growth and recovery from droughtess; 3

determine the most effective concentratiohsach growth regulator in the recovery of the
stressed plantgl) evaluate the recovedegree from salinitgnd droughstressesmong the
common Horned Poppy species that are available at Denver Botanic Gaeddlasum, G.
corniculatum, G. grandiflumandG. acutidentatus; 5 determine which evaluation criteria

are associated with superior recovery rajeahfirm selection criteria for evaluation of salinity
and droughtolerance in Horned Poppy species; 7) test the change in the concentration of the
internal growth regulator under stress conditions and during recovery in those Horned Poppy
speciesstudied. Lysimeter columns were used in this study which was replicated twice in the
CSU Plant Science greemise. Four Growthegulatortreatments were used and were applied

weekly with irrigation water. Three levels of each regulator were used. Te@ticontinued for



two months. Data were collected weeklyleaf color (using color chart)ebfsize (using Imge

J software), and the quality and general attractiveness of the plant usimgpeisual

estimation @sing a scale of 0 towhere 9 is the optimum qualitg; rating of 6.0 or higher
indicatedacceptable quality). Samples were collected for TNC, R&dline and tissue Nand
K™ content analysis for each treatment at the end of the experiewagpotranspiration (ET)
measurements were collected every 2 to 3 days during the four month growth period. Five
weight readings per pot were made during each measurement and the averagas/akesivior
ET calculation. ET was calculated by mass difference and expresseddik Internal growth
regulatorcontent of plants were assessed before appthimgitial treatment and at the end of
the experiment. Plant growtkgulatorconcentrations chand@ver time were quantified using a
protocol in which a 50 mg plant material only is needed to quantify most major plant hormones
by HPLG-ESHMS/MS. This method was the best in current study since sampling was done
every 2 weeks over the course of the experiment. Samipléons (50 ul) were injected into the
reversephase C18 Gemini HPLC column for HPLESHMS/MS analysisG. flavumwas found
to recovery more quickly compared@®o acutidenatumG. grandflorumandG. corniculatum
Also, the treatment of .M ABA was the most effective followed byr8M SA, 20mM E and
0.03mM FCin enhancing salinity stress&lauciumspp recovery.Glauciumspp. under

salinity stress exhibited a positive response to growth reguataiments in terms of impred
leaf characteristics lant height overall gant quality (attractivenessJNC, and K/Na' ratio. G.
flavumshowed greater tendency to recover from salinity stress at all grayulat@treatments
when compared to the other species tested. The treatn2ntMfABA is recanmended to
improve the recovery rate Gflauciumspp under salinity stress. On the basis of the number of

times in the best statistical categdoy leaf characteristics, overall plant quality (attractiveness),



water use, TNC, RSC, and prolirie, flavumwas found to have the greatest recovery rate from
drought stress when compared3oacutidentatum, G. grandifloruandG. corniculatumAlso,

the treatment of ;M ABA was the most effective followed byr@M SA, 20mM E and 0.03

mM FC in enhancing drought stress@thuciumspp recovery.Growthregulatortreatments

could affectproline accumulation throught their effect on the overall growth of the plant that
affect all plant activities especially different growdgulatorconcentrabns and interactions.
Comparisons of internal individual growth regulator content among species, grguittoe
treatments, sampling dates and their interactions clearly showed signifféangindes. During

the two month course of the recovery, the concentrations of bétlané IBA increased

gradually. There was slight significant increase overtime in IAA andd@#centration under

the control treatment over the course of the two month recovery period. The treatéheril of
ABA achieved the highest increase in both IAA and IBA in all tested spdallesved by 20

mM ethephon, 2nM SA and 0.03nM fusiccocin. There was slight significant increase overtime
in GAszconcentration under the control treatment. The treatmentdfl ABA achieved the
highest increase in GAn all tested species, followed by 8iM ethephon, 2nM SA and 0.03

mM fusiccocin. The concentrations of zeatin increased gradually in all \gsteds during
recovery. Zeatin concentration increased slightly overtime under the coe&itohént. The
treatment 62 mM ABA achieved the highest increase in zeatin in all tested species, followed by
20mM ethephon, 2nM SA and 0.03nM fusiccocin. The highest increase wasinflavum

where zeatin increased from 8.0 to 29.0 ng/g Dwt (263%) under control treatmiéatheh
increase was 2422, 2196, 2050 and 1174% under the treatmemsvbABA, 20 mM

ethephon, 2nM SA and 0.03 Fusiccocin respectively. Even under control treatment, there was a

slight increase in SA content. The treatment of 2 ABA achieved the highest increase in SA



in all tested species, followed by &M ethephon, 0.081M Fusiccocin and thM SA. InG.

flavum SA increased from 0.4 to 0.9 ng/g Dwt (125%) under control treatment, while the
increase was 720,600, 533 and 300%eunide treatments of 2 mKBA, 20 mM ethephon, 0.03
Fusiccocin and tJnM SA respectively. On the other hand, and during the course of the recovery,
the concentrations of the internal ABA decreased gradually over time. Undsamitinel

treatment, there wasslight significant decrease overtime in ABédncentration during the
recovery period. The treatment oM ABA achieved the highest decrease in AiRAull tested
species, followed by 2M ethephon, 2n1M SA and 0.03nM fusiccocin. InG. flavum ABA
deceased from 2.6 to 1.4 ng/g Dw#6 %) under control treatment, while the decrease-8&s
85, -76 and -68% under the treatments ofM ABA, 20 mM ethephon, 2nM SA and 0.03
Fusiccocin respectivelyn summary, Glauciumspp. undesalinity anddrought stess exhibited a
positive response to growth regulaticgatments in terms of improving leaf characteristics, plant
height, overall @ant quality (attractiveness), TNC, and water use efficie@cylavumshowed
greater tendency to recover from drought stress at all gmregthatortreatments when

compared to the other species tested. The treatm@mbf ABA is recanmended to improve

the recovery rate dblauciumspp under salinity and drougtressDuring stress, internal ABA
accumulation was evident to cope with stress conditions. During recovery, when the
circumstances were favorable for growth, other groups of gnegthlatorthat are needed for
accelerated cell division, enlargement and growtthss auxins, gibberellins, and cytokinnins

were abundant.

Vi
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CHAPTER 1

RECOVERY OF GLAUCIUM SPP. FROM SALINITY STRESSUSING GROWTH
REGULATOR TREATMENTS
SUMMARY
Plant species and cultivars within a species vary in their recovery fromysaties

when conditions become more favorable. These variations are associated esthedgting to
stress tolerance mechanismsl dmeir interaction with the environment. Horned Poppies
(Glauciumspp) are members of the Poppy family, Papaveraceae and are native to the
Mediterranean and Middle East. The objectives of this study were to 1) detevihatier
application®f Abscisic @id (ABA), salicylic acid (SA), fusicocci(FC), and ethepho(E)
could promoteslaciumspp. growth and recovery from salingyess; 2) determine the most
effective concentratiorsf each growth regulator in the recovery of the stressed p&nts
evaluate the recovery degree from salinity stress among tim@a@o Horned Poppy species that
are available at Denver Botanic GardeBsflavum, G. corniculatum, G. grandifloriemdG.
acutidentaturs 4) determine which evaluation criteria are associated with superior recovery
rate; 5) confirm selection criteria for evaluation of salinity tolerance in HioPoppy species.
Lysimeter columns were used in this study which was replicated twice irSiié@ant Science
greenhouse. Four Growthgulatortreatments were used and were applied weekly with
irrigation water. Three levels of each regulator were used. Treatmentsueahfor two months.
Data were collected weekly on leadlor (using color chart)eaf size (using Image J software),
and the quality and general attractiveness of the plant using personal siguatien (using a
scale of 0 to 9 where 9 is the optimum quality, with a rating of 6.0 or higher indicating

acceptable quality) Samples were collected for TNC, RSEoline and tissue Naand K



content analysis for each treatment at the end of the exper@nflevumwas found to have
higher recovery rate when comparedsoacutidenatumG. grandflorumandG. corniculatum
Also, the treatment of .M ABA was the most effective followed byr@M SA, 20mM
ethephon and 0.08M Fusicoccin in enhancing salinity stressed Glaucspm recovery.
Glauciumspp. under salinity stress exhibited a positive response to growth regudatorents
in terms of improving leaf characteristic&am height, overall lant quality (attractiveness)
TNC, and K/Na'ratio. G. flavumshowed greater tendency to recover frgatinity stress at all
growthregulatortreatments when compared to the other species tested. The treat@sri of
ABA is recanmended to improve the recovery rateG)auciumspp. under salinity stress.
INTRODUCTION

Plant species and cultivars within a species vary in their stress tolerantanEpsl.,
1980; Pasternark, 1987; Saranga et al., 1992). These variations are due to variatioss in gen
relating to stress tolerance mechanisms and their interactiorheiémvironments (Shanon, 1985;
Bohnert et al., 1995; Igartua, 1995; Duncan and Carrow, 1$¥®ssinducible genes can be
functional or regulatory. Functional genes control water channels and other trarssport
detoxification enzymes, protection moleesil such as late embryogenesis abundant (LEA)
proteins, key enzymes for osmolyte biosynthesis, or different proteases. Reqyeaiesyegulate
the expression of the functional genes and include, among others, transcription pxoters
kinases and phosphatases, and those involved in abscisic acid biosynthesis (Shinozaki and
YamaguchiShinozaki (2007).

Horned PoppiesGlauciumspp) are members of the Poppy family, Papaveraeed are
native to the Mediterranean and Middle East regions. All horned poppies haxgrdanefoliage

that is deeply pinnatified to pinnatisect agdically grow 3050 cm long. Theéeaf have varying



degrees of texture from glaucous to villous. lf are lyrate to sublyrate shaped and have a
rosette growth habit. They have solitary blooms on flower stalks that grow abovaabe.falll
species have four petals in their corolla and their pistil is completely sdedlby stamens. They
all develop long hornedhaped seed siliquiforms with the stigma remaining to cap off the top of
the fruit. Species of interest in this study @dlavum G. grandiflorum G. acutidentatunandG.
corniculatum

G. flavumCrantz is the most widelgtistributedspeciesn the genus. It's found in the
coasts of Britain and the Atlantic Islands to the coasts of the Mediterr8asanand the Black
Sea (Greywilson, 2000). It grows predominantly on sandy beaches and as a resulmtismy
known as the Sea Horned Popphis likely indicates tha. flavumis salt tolerant. According to
Davis (1965)G. flavumis distinguished from other species by several characteristics. The sepals
have crisp, pilose hairs on the surface and the petals can be solid yellow, red or reddesiGna
flavumis most often recognized for the yellow petals and mmoonly referred to as the Yellow
Horned Poppy. The ovary is densely papillose to tuberculate, basically a burfgoe siihe
siliquae will retain the papillose to tuberculate texture. In Tur@ejlavumnormally flowers from
May through the sumer and everthough it is most often found at sea level, it does grow into
river valleys as well (Davis, 1965).

G. grandiflorumBoiss & E. Huet is native to Turkey in the southern part of the Caucasus
Mountains but it is also found in Syria, Iran and the Sinai (Gvdgon, 2000). G. grandiflorum
has only one main flower stem while other species have multiple flower stalksgroam the
base of the rosette (Davis, 1965). The sepals have short, stiff hairs making thelsustiéeeThe
petals are dark orange tomson red with a black spot at the base of the petal. The pedicle of the

flower exceeds the subtending leaf, which differs from the @learciumspecies. There are two



varieties of G. grandiflorum var. grandiflorum and var.torquatum. G. grandiflorunvar.
torquatumhas red petals with a black blotch and can be found in calcareous hilGides.
grandiflorumvar.grandiflorumis found in fields, banks and rocky slopes.

G. acutidentatunis the most glabrous species with smooth sepals and ovaries. Althoug
the ovary is smooth, the resulting siliquae is subtorulose. The petals are solidbréimgeolor.

G. acutidentatunms found at elevations of 950-1400 m on dry hills (Davis, 1965).

G. corniculatum(L.) J.H. Rudolph is native to tHdediterranean basj Atlantic klands,
Caucasus Mountains, Bulgaria, Romania, northern Iraqg and northwestern legA\(ion,
2000; Davis, 1965).G. corniculatumalso has some unique characteristicslelé$ have a soft,
villous texture and its sepals are scabrous to hirsute. There is some icgniftifirmation about
G. corniculatun's corolla. The petals are yellow, orange or red (Davis, 1965) with a black basal
spot (GreyWilson, 2000).

Saline environments affect plant growth in different ways including remtuati water
uptake, gradual accumulation of ions to toxic levels, and reduction of nutrient biitgssi
(Rameeh et al., 2012Z)he detrimental effects of salinity on plant growth include osmasst
ion toxicity, nutritional disturbances (Greenway and Munns, 1980; Lauchli, 1986; Clagsem
1988), damage to photosynthetic systems by excessive energy (Brugnoli aaddsjoi992),
and structural disorganization (Flowers et al., 1985; Delfine et al., 1998; Rérarda et al.,
1998). Plants respond to salinity stress through a number of physiological charlgésignc
lowered leaf osmotic potential and/or a loss of turgor potential which can caudbk guppression
(Levitt, 1980). Salt tolerant phts often mediate stress by osmotic adjustment, therefore
minimizing changes in turgor potential which affect plant growth responsed liokearbon

dioxide assimilation and cell elongation (Harivandi et al., 1992). Some gregulatorare known



to hdp in stress tolerance such as abscisic &dahy of the plant responses to stress occur via
chemical signals such as the phytohormone abscisic acid (ABA) (Wilkinson amesD2002)
and it is well known that the endogenous levels of ABA in vegetative {idsues rise inesponse
to stresses that cauptant water deficit (Taylor et al., 2000; Bray, 2002; Zhang et al., 2008).
Moreover, a clear relationship between plant ABA content and plant tolerancestadeftit has
been described (Kulkarni et a&2000; Liu et al., 2005). The protective effect of ABA is based on
the fact that ABA primarily promotes stomatal closure to minimize transpirational wasearad
it mitigates stress damage through the activation of many s&gssnsive genes, which
collectively increase the plant stress tolerance (Bray, 1997, 2002; Zhang2€08l). However,
there are no studies dealing with the effects of exogenous ABA on the expressiesspélstted
genes and on the physiology of plants excepAfoca et al(2008) who evaluated the influence
of exogenous ABA application on plant development, physiology, and expression of seessal str
related genes after both drought and a recovery period. Their results shovibd dyatlication
of exogenous ABA had contrasting effectsl@attuca sativglants.

Thebalance between carbohydrate production and consumption will impact the @bility
a plant species to cope with salinity strddagng and Fry, 1999; Lee et al., 2008a, 2008b). The
decline in salinity tolerance in some species can be associated with reduced catbohyd
availability and reduced effectiveness of'Maclusion and Kactive uptake and transpo@ién
and Fu, 2005t ee et al., 2007; Shahba, 2010b, Shahba, 2012). Accordingly, fluctuations in these
osmoregualtors are expected during the recovery from stress.

Prolineaccumulates in larger amounts than other amino acids in salt stressedlgants (
et al., 2008h Prolineaccumulation is the first response of plants exposed to salt stress anrd water

deficit stress and is though to reduce injury to cells (Ashraf and Foolad 2007). Madg(2@a2)



suggested thaproline may act as a signaling/regulatory molecule able to activate multiple
responses that participate in the adaptation process to elevated salitstyReped accumulation
of prolinein tissues of many plant species in response to salt, drought or tempstessehas
been attributed to enzyme stabilizatermd/or osmoregulation (Flowers et al., 1977; Levit, 1980).
Ahmad et al. (1981) measured prolemtent fluctuations under high salinity levels in salt tolerant
and sensitive ecotypes of creeping bentgfAgsostis stoloniferd..) and concluded that trsalt
tolerant ecotype accumulated mamline in response to high salinity levels. Lee et al. (2008b)
concluded thatproline was the primary organic osmolyte for osmotic adjustment igd
accumulation was higher in salt tolerant seashore paspalum genotypes. Howevegpather
have indicated a negative effectppbline on salinity tolerance. Marcum (2002) has reported that
proline accumulates in grasses under salinity stress at insufficient levels to achieetcos
adjustment. Torello and Rice (1986¢pncluded thaproline accumulation has no significant
osmoregulatory role in salt tolerance of five turfgrass spettesdtd alkaligrasgPuccinellia
distansL. Parl.), 'Dawson'’ red fescEestuca rubra.. vartrichophylla Gaud.), 'Jamestown' red
fescue(Festuca rubra.. var commutata Gaud.), '‘Adelphi' and 'Ram I' Kentucky blueg(&s=
pratensisL.)] following their exposure to 176M NaC1 salinity stress. Because of these
contrasting reports on the role @linein salt tolerance, its use as a selection criterion for salt
tolerance has been questioned (Ashraf and Harris, 2004). Thus proper testing is requieed bef
making any conclusion regardipgolinerole in salinity tolerance in specific species. Accordmgl
fluctuations in prolineontent are expected during the recovery from stress.

Many studies discussqalant responses to stress via internal chemical signals and growth
regulator adjustments. However, few studiagsedealt with the effects of exogenogiowth

regulator applications on the expression of stress-related genes and/or orsible g of



plants under stress such as Aroca et al. (2008) who evaluated the influence nbesdggA
application on plant development, physiology, and expressisevefral stress relatggnes after
both drought andecovery.The objectives of this study, therefore, are to (1) determine whether
applicationsf abscisicacid (ABA), salicylic acid (SA), fusicocci(FC), and ethepho(E) could
promoteGlaciumspp. growth and recovery from salinflyess; (2) determine the most effective
concentrationsf each growth regulator in tlecovery of the stressed plants; (3) evaluate the
recovery degree from salinity stress among theroon Horned Poppy species that available
at Denver Botanic GardenS, flavum, G. corniculatum, G. grandifloriemdG. acutidentatum
: (4) determine which evaluation criteria are associated with superior rgcater(5) confirm
selection criteria for evaluation of salinity tolerann Horned Poppy species.
MATERIALSAND METHODS

Lysimeter columns were used for these experiments. Columns were plélcedjreen
house Sixty plants of each species that were planted in 15 cm in diameter and 50 cm long PVC
tubes containing potting mix were used. These plants were previously usedity sdérance
strees screening and already suffered different degrees of Sabsgy treatmentghatwere
previously applied were control (Tap water), EC =5, EC = 15 and EC = 25.d%afime
solutions were prepared using instant ocean salt mixture added to the irrigagon wat
Experimental design was randomized complete Block (RCB). Each block representédhene
replications and contains 48 tubes. Four blocks were used. Used plants in each tube were
selected of similar size and height, hold the same numbeafand suffered similar degree of
stress. Four Growth regulativeatments were used and were applied weekly with irrigation
water. Three levels of each regolatvere used. Evapotranspiration was measured weekly to

monitor the change in the evapotranspiration. Four representative tubes for esshvgper



used as lysimeters and were watered with enough water and left to draim fft€r which the
weight ofeach tube was recorded. Each tube was thererghed every 24ours. The daily

changes in weight represent the daily evapotranspiration for each speesmeéents continued

for two months.

Data Collection. During the course of the experiment data were collected weekly on plant leaf
color (usingeaf color chart), leadize (using Image J software), and general attractiveness of the
plant using personal visual estimatiarsiqg a scale of 0 to 10 where i$@he optimum quality,

with a rating of 6.0 or higher indicating acceptable quality).

Samples were collected for TNC, RSoline and tissue Naand K content analysis for
each treatmenfotal nonstructural carbohydrate content, RSC, tisstehaK" ard proline
content were determined at the termination of the experiment. Shoot tissuéeatiination of
the experiment was harvested and washed with cold distilled water to remoiveéglias for
carbohydrate analysis. Approximately 5 g samples franrdatments were freeteied
(Genesis 25 LL Lyophilizer, Virtis, Gardiner, NY). After freezeidgy samples were ground
with a Wiley mill, sieved though screen with 425 um openings, and kept in airtight vials at —20
°C. TNC was measured using the hoet described by (Chatterton et al. (1987). In brief, 25 mg
freezedriedsamples were transferred to 5 ml of 0.1% clarase solutiomeuihted at 38°C for
24 h. Then, 0.5 ml of hydrochloreid (50%, v/v) was added to the incubation solution. After
the solution was incubated at room temperature for 18 h, the pH value of the ssadion
adjusted to between 5 and 7 with 10 and 1 N NaOH. This resulting solution was used to
determine TNC content using a spectrophotometer at 515 nm wavelength (model DU 640;

Beckman).



To measure the free reducing sugar, 25 mg of the freeze dried, ground, and sieved sampl
was extracted with 10 ml of 0.1 M phosphate buffer (pH = 5.4) for 24 h at room tem@epatur
extracted aliquot (0.2 mL) was used to determine the reducing sugar contemdyhe same
method as was used to measure TNC.

To measure ion content, about 5 g of shoots were harvested, washed with deionized water,
and dried at 76C for 24 h. Dried shoots were ground in a Wiley mill and passed throaagben
with 425 pum openings. Approximately 1 g of dried and screened sample was weigheaeand as
for 7 h at 500°C. Ash was dissolved in 10 ml of 1N HCI and diluted with deionized water.
Solution aliquots were analyzed for ™dad K by inductivelycoupled plasma atomic emission
spectrophotometry (IGRES) (Model 975 plasma Atomcomp, Thermo Jarrell Ash Corp.,
Franklin, Mass.).

Actual proline tissue accumulation levels were determined according to the method of
Bates et al. (1973) as modified by Torello and Rice (1986) with approximatelyr&sbhgweight
of tissue. Samples were ground with liquid nitrogen in a mortar. Each samplemwagenized
in 10 ml of 3% aqueous sulfosalicylic acid followed by agitation for 1h prior tatidin through
#2 Whatmarfilter paper. After filtration 2 ml of extract from each sample was reacted with 2
of ninhydrin reagent (1.25 mg of ninhydrin in 30 mL of glacial acetic acid and 20 mL of 6 M
HsPQy) and 2 ml of glacial acetic acid followed by 1 h of heating at°CO@ an enclosed water
bath. Samples were then quickly cooled byrersion in an ice bath and totpfoline was
determined spectrophotometrically at 520 nm. Acpualine tissue accumulation levels were
determined by subtracting mean control data from groegdhlatortreatment data for all cultivars

during the entire experimental period.



Data analysis. Effects of species, growttegulator and growth regulator levels and their
interactions were determined by analysis of variance (SAS Institute,. 200iditored
parameters (leafolor,leafarea, plant quality, KNa“, TNC, RSC and proline contents of
shoots)were analyzed on individual measurement dates to examine the differences in the
recovery rate among different treatment. Means weparated by least significant difference at
the 0.05 level of probability.

RESULTSAND DISCUSSION
L eaf characteristics:
L eaf color. Comparisons of leaf color among species and growth regtieédments clearly
showed significant differences. Species and growth regukdeyaction was also significant
(Table 1.1). Comparison of species within each treatment indicated.tHavumhad a superior
recovery rate (Fig. 1.1). Undeontrol treatmentG. flavum subjected to stress had an
acceptable rating of 6.0 and showed reasonable recover@GrateutidentatumnG. grandiflorun
andG. corniculatumeaf color did not recover toe¢hacceptable levély the end of the
experiment (Fig. 1.1). The treatment of ;M ABA resulted in the highest recovery in leaf
color followed by 20.0nM ethephon, 2..nM SA and 0.03nM fusicoccin (Fig. 1.1)G.
conrniculatumdid not show acceptableaf color ratings undeanytreatments whilé&s.
grandiflorumshowed acceptable leaf color only under the treatmentdl 2ABA (Fig.1.1).
There was no significant difference among species in the rate of improvenchange

compeared with control treatment.
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Table 1.1. Analysis of variance with mean squares and treatment signifideat color, leaf area,
plant quality, shoot KNa’, total nonstructure carbohydrate content (TNC), shoot reducing sugar
content (RSC), angroline content in Glaucium spg@uring the recovery from salinity stress.

Parameter Species PGR SxG
Leaf color 7.3*%* 95.8** 55.5*
Leaf area 1.5%* 605** 4.6*
Plant quality 7.5%* 608** 4.5*
K*/Na' 166.0** 34.0** 155.0*
TNC 1210.0** 1195.0** 1910.0*
RSC. 56.0** 685.0** 412.0*
Proline 1240.0** 1688.0** 1650.0*

*significant atP < 0.05, ** Significant at P<0.01

10 . Leaf color HG. flavum
a CatL Colo mG. acutidentatums
§ B G. grandiflorum
=) b* @G. corniculatum
>
LL

Leaf color (010 scale, 10
O B N W M OO N 00 ©

LSS LSS S S LSS IS SIS LSS LSS

VAL LS LSS LIS LSS LSS,

m E

Plant growth regulator treatment

Fig. 1.1. Effect of different growttegulatoron leaf color during the recovery frogalinity stress of four
Glaciumspp Columns labeled with different letters are significantly differeftat0.05 among growth
regulatortreatments. Columns labeled with an astesigksignificantly the highest among species within
each treatment.

Generally salinityaffects leaf olor quality to different degrees. As soon as growth
conditions improvethe recovery expected at different degress based on the species and growth
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conditions. Many studies reported the effect of salinity on leaf color and glatiecreasen
chlorophyll index was reported by Bayat et al. (2012) due to salinPgiania hybrida Salinity
affected butterhead lettudeaf differently. Choi and Lee (1999) documented salinity effect on
lettuce lower and uppéeaf. It is well known that th@egativeeffect of salinity on leaf color is
due to the effect on chlorophyll formation processes (Kubis et al., 2004; Murkute 200%;
Levitt, 1980; Jaleel et al., 2008; Parida and Das, 200BeBbuky and Atawia, 1998; Aggarwal,
et al.,, 2012; Enteshari and Hajbagheri, 2011; Jaleel et al., 2008). Getlawi (2013) indicated a
negative effect of salinity o@laucium sppleaf color at different degrees. Applying exogenous
compounds is one way to reduce destructive effects of abiotic stresses fduan 2008).

L eaf area. Analysis of variance indicated significant differences among species amdjam
growthregulator and their interactions (Table 1.1). Comparison among species incheated t
G.flavumachieved the highest leaf area under all treatmenitgding control treatment followed
by G. acutidentatunG. grandiflorumandG. corniculatum The treatment di2.0mM ABA

resulted in the highest leaf area followed by 20N ethephon, 2.enM SA and 0.03nM
fusicoccin (Fig. 1.2). Under control treatme@t,flavumacheived an average leaf area of 9.5
cn? while G. acutidentatunhadan averge leaf area @f5cn?, G. grandiflorum6.5 cnf andG.
corniculatumé4.5 cnt (Fig.1.2). Leaf area increased from 9.5 to 20 in G. flavum from 7.5

to 19.0,G. acutidentaturfrom 6.5 t017.5 cin G. grandiflorum and from 4.5 to 16.0 chin

G. corniculatumunder the treatment oM ABA (Fig. 1.2).There was no significant

difference among species in the rate of improvement or change compearecvih co
treatmentLeaf area followed similar trendasleaf color.Leafthat were able to recover healthy
color generally have a greater leaf area. Previous work indicated siatitatyseffects on leaf

area in other species (Abdul Jaleel et al., 2009). Prolonged eggodugh salinity levels

12



decreased leaf size (Munns et al., 1988; Volkmar et al., 1998, Getlawi, 2013). Usabilyede

decrease is the first sign of salinity stress (Munns and Termaat, 1986, dDkedis
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Fig. 1.2. Effect of different growth regulator on leaf area during the recénosny

salinity stress of fouGlaciumspp.Columns labeled with different letters are

significantly different aP = 0.05 among growttegulatortreatments. Columns

labeled with an asterisk are significantly tiighest among species within each

treatment.

and Klapaki, 2000). Energy saving by reducing leaf area is the first adaptaibamsm to be
adopted by plants to cope with salinity stress (Jaleel et al., 2008). This may lat efféioe of

salt on rateof cell division, to a slower rate of cell expansion, or a decrease in the duratioh of cel
expansion. If cell division was affected, even if cell growth potential waaffected, final leaf

size would be limited due to reduced cell number, (Volkmar et al., 1998). The rapid regponse t

the increase in salinity is mainly osmotic aegdulted in inhibition of leaf formation. The long

term response is a result of ionic toxicity that accelerates senescence of ma{ienes and
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Tester, 2008)Applying growth regulatorseemed to enhan€auciumspp. recovery by
reducing thenegativeeffects of salinity.
Plant Quality (attractiveness). Plant quality (attractiveness) varied significantly among species
and growth regulatdreatmentsThe interaction between species and grawtjulator
treatments was significant too (Table 1llhgreasing salinity decreased the attractiveness of all
Glauciumspp.to different degrees (Fig. 1.3). Without the addition of any growth regufator,
flavumachieved the highest recovery and recorded a quality rate of 5.5, followed by G.
acutidentatun{4.5),G. grandiflorum(3) andG. corniculatum(2.2) (Fig. 1.3). The treatment of 2
mM ABA had the most significant recovery effect on all tested species. All spesies
positively affected at this treatment, whe®eflavumhad its highest quality of 9, followed k8.
acutidetutun(7.9),G. grandiflorum(6.5) andG. corniculatum(5.7) (Fig. 1-3). The treatment of
2mM SA followed the treatment of 2mMBA and acleved a quality of 7.5 ik. flavum
followed byG. acutidetutun{6.9),G. grandiflorum(5.3) andG. corniclatum(4.5) (Fig. 1-3).
The effect of 20nM ethephon was the least among treatment and the treatment of\d.03
fucicoccin was intermediate. There was no significant difference among spettiegate of
improvement or change compeared with control treatment.

In general, plant growth may be affected by either the absence of or excesserecp of
NacCl in the substrate (Downton 1982; Clough 1984; Burchett et al. 1989; Pezeshki et al. 1990;
Ball and Pidsley 1995; N. Su"arez and E. Medina, 2005). The ability to limir&esport into
the shoots, and to reduce the'ldacumulation in the rapidly growing shoot tissues, is critically
important for maatenance of high growth rates andtection of the metabolic procee
elongating cells from the toxic effects of N&azmjoo et al., 2008). Many repohave

confirmed the internathangesn growthregulatorin terns of types and concentrations under
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salinity stresgWilkinson and Davies, 2010; Zhang et al., 2006; Aswath et al., 2005; McCann

and Huang, 2008; Qin and Zeevaart, 2002).

Plant quality (Attractiveness)  SG.flavum

0 G. acutidentatums

E l;) ] 8G. grandiflorum
1 .

S 8 1 ®@G. corniculatum
L 7 A

@©

? 6 -

g 5

g 4

g 3

(5]

2 24

8

g 11

<

Plant growth regulator treatment

Fig. 1.3. Effect of different growth regulaton plant quality during the recovery from salinity
stress of fouGlaciumspp Columns labeled with different letters aignificantly different
atP = 0.05.

Shoot K*/Na* Ratio:

Shoot K and N4 varied significantly amaog species, growth regulattveatments and
their interactionTable 11). There was no significant difference among species in the rate of
improvement or change compeared with control treatn@arierally, increasing salinity
decreased shoot'HNa’ ratio. As salinity increased, Necontent increased and Kontent
decreased arak a result plants show salinity stress symptoms. Wyn Jones et al. (1979)
suggested a threshold&la" ratio of 1 for normal growth of plants subjected to salinity. Results
with horned poppyndicated that K/Na' ratio was > 1 in all species with the ttreatments of 2
mM ABA, 2 mM SA, and 20nM ethephon while it was less than 1@ncorniculatumat the

treatment of 0.081M Fusicoccin.
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Table 1.2. Effect of @M Abscsic acid (ABA), 2nM salicylic acid (SA), 0.03nM
fusicoccin (FC), and 2M ethephon (E) on K+/Na+ ratio &lauciumspp during the
recovery from salinity stress.

TINK ratios

PGR treatment
2mM  2mM 0.03mM 20mM

Species Control ABA SA FC E

G. flavum 0.8at 2.2a* 2.0a 1.2a 1.5a
G. acutidentatunr  0.5b  2.0b* 1.7b 1.1b 1.3b
G. grandiflorum  0.4c  1.8c* 1.5c 1.0c 1.2c
G. corniculatum 0.2d  1.4d* 1.2d 0.9d 1.1d

tValues followedby the same letters within a column for eadktivar are not significantidifferent
(P = 0.05) based on Fisher’s LSD test. Values labeled with an asterisgrafeeantly the highest
(P = 0.05) among different growth regulatoratments within eaclpscies.

Results indicated that growtlegulatortreatmentsnfluenced K/Na' ratios during the
recovery from salinity stress. Potassium ions and groetfulatorplay a significant role in
stomatal closure, which is necessary for plant survival under stress. Undercetrddions the
changes in guard cell ion transport which are responsible for stomatal openingsame ttirough
controlling the turger pressuoé guard cells are initiated by the ‘drought’ hormone abscisic acid
(ABA).

Total Nonstructural Carbohydrates (TNC) and Total Reducing Sugar Content (RSC):

Shoot TNC (Table 1.3) and RSC (Tabe 1.4) varied significantly gmspacies, growth
regulatortreaments and theimteraction. Generally, salinity stress decreases shoot TNC and
increases RSC oGlaucium spp (Getlawi 2013). Growthregulator treatments significantly
affected the recovery rate and TNC vs RSC dynamics. The treatmemM{ABA was the most
effective followed by 2nM SA, 20mM ethephon and 0.08M fusicoccin (Tables 1.3 arid4).

G. flavumachieved the highest recovery rate and as a result the highest level of TNC ang¢he |

level of RSC (Tables 1. 3 arid4). At the treatment of ;M ABA, average TNC increased by
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92.0, 100.0, 118.0 and 110.0% @. flavum G. acutidentatumm G. grandiflorum and G.
corniculatumrespectively (Table 1.3) while RSC decreased by 30, 53, 37.5 and 27.6% in
flavum G. acutidentatumG. grandiflorum and G. corniculatumrespectively (Table 1.4An
increase in TNC was expected dueobservedmprovement inleaf color, area and quality that
addedto the photosynthetic tissues. d@eery from stress escalated the increase in TNC which
resulted from the recovery of the leaves.

Table 1.3. Effect of 2nM Abscsic acid (ABA), 2nM salicylic acid (SA), 0.081M fusicoccin (FC),
and 20mM ethephon (E) on total nestructural carbohydrates (TNC) in shootsSd&uciumspp
measured at the end of the recovery from salinity stress.

TNC (mg g' dry weight)
PGR treatment

Species Control 2mMABA 2mMSA 0.03mMFC 20mME
G. flavum 66.5at 128.0a 108.5a 88.0a 95.0a
G. acutidentatums 58.5b 119.0bc 101.0b 83.0b 89.0b
G. grandiflorum 48.0c  105.0c 95.0c 74.0c 81.0c
G. corniculatum 42.2d  89.0da 83.0d 68.0d 73.0d

T Values followed by the same letters within a column for spekiesare not significantly
different P = 0.05) based on a Fisher’s LSD test.

Table 14. Effect of 2mM Abscsic acid (ABA), 2nM salicylic acid (SA), 0.08nM fusicoccin (FC), and
20 mM ethephon (E) on total reducing sugar content (RSC) in shoGigotiumspp.measured at the
end of the recovery from salinity stress.

RSC (mg ¢ dry weight)
PGR treatment

Species Control 2mMABA 2mMSA 0.03mMFC 20mME
G. flavum 45.0at 15.0d 18.0d 22.0d 20.0d
G. acutidentatums 36.0b 17.0c 20.0c 24.0c 22.0c
G. grandiflorum 32.0c 20.0b 23.0b 26.0b 24.0b
G. corniculatum 22.0d 26.0a 28.0a 30.0a 28.0a

t Values followed by the same letters within a column for epelsiesare not significantly different
(P = 0.05) based oa Fisher’s test.

As was expected, RSC responded differently (Table 1.4). Reducing sugars innpdamiis
consists of glucose and fructose (Ball et al.,, 2002; Shahba et al., 2003). While nonstructura

carbohydrates are energy reserves in plants, soluble reducing sugdneumiet to play an

17



important role in stress tolerance as omggalatorand as prtectants as they prevent cell
desiccation (Popp and Smirnoff, 199Shahba (2010b) found an increase in RSC and a decrease
in TNC when subjectedncreasesn salinity in bermudagrass species (Tifgreen, Tifdwarf and
(Tifway) and seashorpaspalum cultivar¢§Shahba et al., 2012). In this study, it wdserefore
observe thepposite trend during recovery from salinity stress. Carbon reduction during stress
could be related to the stress resistance mechanisms that are energy deperesheanaljpgevious
results and our results suggested that carbohydrate availability is a limitingftactboot growth
under high salinity stress and during recovery from stress.

Growth regulator treatments could affect the dynamics of carbohydrates usage and
accumulatiorthrought their effect on the overall growth of the plant that in &fifects all plant
activities. TNC serves as the resource for the increased RSC under ihstease conditions i.e.
the relationship between TNC and RSC is a source sink relation and this is obviogsmhpage
their dynamics in Tables (1.3) and (1.4).

Shoot Proline Content:

Shoot proline contentaried significantly amam species, growth regulatoeatments
and their interactioTable 1.5). It is well known that proline content increases in response to
salinity (Getlawi 2013; Shahba et al. 2012). During the recovery from saliregssthe
processes gfroline accumulation was reversed. Growth regulagatments significantly
affected the recovery rate aRdolinecontent. The treatment offAM ABA was the most
effective followed by 2nM SA, 20mM ethephon and 0.08M Fusicoccin (Table 1.55.
flavumachieved the highest recovery rate and as a n@®lihe content was the lowest in when
comparedo different growth regulatdreatments. At the treatment of 2 nABA, proline

content decreased by 72.8, 63.5, 61.4 and 57.5@6 flavum G. acutidentatumG.
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grandiflorumandG. corniculatunrespectively (Table 1.5). Although the role of proline
accumulation in salinity tolerance is well illustratadhis study, ithas been questioned by
others (Ashraf and Harris, 2004). These results suggested a positive role faiprGliaucium
speciesalinity tolerance. A positive effect pfolineaccunulation in salinity tolerance was also
reported inGlauciumspp. (Getlawi 2013) and in seashore paspalum cultivars (Shahba et al.,
2012). Accumulation of proline in plant tissues in response to salinity stress hastihieetedt

to enzyme stabilizatiomnal/or osmoregulation (Flowers et al., 1977; Levitt, 1980). The decline
of prolinecontent during the recovery of salinity stress indicataglidive importance to coping
with stress conditions. It likely enhances membrane stability and mitigate$dbect NaCl on
cell membrane disruption and protein structure, act as a sink for carbon and nibrogfezss
recovery, and can buffer cellular redox potential under salinity stressaffesia Foolad, 2007,
Maggio et al., 2002). In some cases, the effect of stomatal conductance on watel pote
higher than that of prolineccumulation. Indeegbroline has been demonstrated to confer abiotic
stress tolerance either by increasing the antioxidant system or by ingreasotic adjustment
(Vendruscolcet al. 2007; Cvikrovéet al 2012; Raket al 2012). Photosynthetic rate is affected
by many factors, including stomatal conduction, CO2 assimilation, photosyrghajime
activities, inhibition of PSII activity, and stability of photosynthetic aphas (Camejet al

2005; Silvaet al. 2010).
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Table 1.5 Effect of 2mM Abscsic acid (ABA), 2nM salicylic acid (SA), 0.03M fusicoccin (FC), and
20mM ethephon (E) oRrolinecontent (P) in shoots @lauciumspp measured at the end of the
recovery from salinity stress.

Proline content (mg g-1 dry Wight)
PGR treatment
2mM 2mM  0.03mM 20mM
Species Control ABA SA FC E
G. flavum 1250.0dt 340.0d 485.0d 590.0d 525.0d
G. acutidentatum 1150.0c 420.0c 595.0c 620.0c  505.0c
G. grandiflorum  1400.0b 540.0b 680.0b 720.0b 610.0b

G. corniculatum 1600.0a 680.0a 740.0a 800.0a 760.0a
t Values followed by the same letters within a column for epelsiesare not significantly different
(P = 0.05) based on Fishett$D test.

The role of abscisic acid in stress physiology has received much attentiohesnis t
now considerable experimental evidence that the physiological effects inojsatinity might
be modulated by ABA. It has been shown that saline stress is accothbg@ie increased in
ABA content (Aspinall and Paleg 1981). In additiBnyulgarisplants adapted to salinity had
ABA concentrations substantially higher than those in non-adapted plants (Montero asd other
1998). An exogenous ABA treatment reduces leaf abscission and increasesrsatéain
citrus plants (Go'megZardenas et &003, but it also decreases total biomass and increases the
root to shoot ratio in poplar spesi(Yin et al2004). Abscisic acid (ABA) selectively affects ion
transport processes (van Steveninck, 1976). ABA appears to increase the paynoéabdis to
water and to inhibit excretion of ions into the xylem but not to affect uptake of ions bydah
The effectiveness of ABA may depend on environmental factors such as teng@rétuan et
al., 1974; Pitman and Wellfare, 1978).

Khadri et al. (2006) studd the effect of abscisic acid (ABA) and 1®® NaCl on
common beanPhaseolus vulgarigar. Coco) growth, nitrogenase activity, and nodule
metabolism in a controlled environmental chamber. Results revealed that plewtigin;

nodule dry weight, nitrogen fixation, and most enzymeswhanium and ureides metabolism
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were affected by both ABA and NaCl. The addition of one | M ABA to the nutrient solution
before the exposure to salt stress reduced the negative effect of NaClugbested that ABA
applicaion improves the responsehaseolus vulgarisymbiosis under saline stress
conditions, including the nitrogen fixation process and enzymeasimioamium assimilation and
purine catabolism. The exogenous applicatbABA caused an alteration of zeatibaside
(ZR) content in lucerne under different stress conditions (Detos& 2010).

Jung and Luttge (1980) mentioned that fusicoccin (FC) inhibited net excretion of Cl by
the glands of the pitchers of the carnivorous pNepenthes hookerianaf Na" and Cl by the
salt glands of the halophytesnonium vulgareandL. pectinatumand of K in the nectar oAcer
platanoidesflowers. It had no effect on’kelimination with nectar ofmpatiens walleriana
(extrafloral nectaries) antlbutilén striatum Abscisic acid (ABA) stimulated net excretion of K
and Cl in Nepentheand of Na and Clin Limoniumbut had no effects on'n nectar. Thus,
FC and ABA had opposing effects on ion excretion by the salt eliminating glahohsarfium
andNepenthesBoth compounds, however, had similar effects on sugar secretion of nectary
glands which was either inhibited or unaffected by FC and ABA. It is suggesteddledfects
of FC and ABA on ion excretion by gland cells could be reconciled with literaturargh&@-
stimulation and possible ABA-inhibition of proton pumps at the plasmakeof plant cells.

Fusicoccin was initially suggested to activate the plasma membiaA&Phase by direct
interaction with the enzyméarre,1979). Later, fusicoccin was demonstrated to bind to a
“receptor” belonging to a family of proteins designated 14—3-3 proteins (KodhddeBoer,
1994;Marraetal., 1994;0eing etal., 1994. The 14—3-3 proteins constitute a highly
conserved family of eukaryotic proteins with multiple regulatory funct{&itken, 1996.

Recently, it was shown that 14-3-3 proteins bind directly to the C-terminal region ot the H
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ATPase and that fusicoccin stabilizes theATPase/143-3 complex formed, rendering the
association irreversible (Jalkenal., 1997;0eckingtal., 1997Baunsgaaretal., 1998). This
explainsearlier observations that plasma membranes isolated from fusitceaiad material
contained several times more-B4-3 than plasma membranes isolated from the corresponding
controls (KorthouanddeBoer, 1994 Oeckingetal., 1994). The strong interaction induced by
fusicoccin also allowed the'HATPase/143-3 complex to be solubilized and ified from
isolated plasma membranes (Jahal., 1997; Oeckingetal., 1997). Binding of 14—-3-3 proteins
to the Cterminal region of the HATPase was also shown to occur in the absence of fusicoccin,
and it was suggested that 14—-3-3 proteins are natural ligands of&iEPdse, regulating
H* pumping by displacing the autoinhibitory domaintaé enzyme (Jahetal., 1997;0ecking
etal., 1997;Baunsgaare@tal., 1999. It is known to stimulate the proton pump at the plasma-
lemma of cells in a large variety of plant materials; a multiplicity of other effectaosyptort
processes and cell physiology seem to be secondary consequences thereof 9viarréC and
ABA have antagpistic effects on movements of stomatal guard cells. FC causes stomata to open
and prevents closure; this is probably due to enhantedtrusion from the guard cells (Marré,
1977), which then affects malate antaccumulation, thus providing the basis for turgor
increase and stomatal opening at least in some cases (Raschke, 1975, 1977; Hsiao, 1976).
Bayat et al. (2012) evaluated the effects of SA on growth and ornamentattehiatics
of Persian petunia under salt stress and concluded that foliar application opf&#&edhgrowth
and ornamental characteristics of Persian petunia under saline and nonesalitiercs.
Salicylic acid ontrols photosynthesis system, photosynthesis amount, pigment content and
stomatal conductivity and regulates these procedures for appropriaté gradviievelopment

(Popoveet al.,2009, Stevert al.,2006, El-Tayeb, 2005, Kormka al.,2007). Environrental

22


http://www.plantphysiology.org/content/118/2/551.full%23ref-6
http://www.plantphysiology.org/content/118/2/551.full%23ref-19
http://www.plantphysiology.org/content/118/2/551.full%23ref-2
http://www.plantphysiology.org/content/118/2/551.full%23ref-10
http://www.plantphysiology.org/content/118/2/551.full%23ref-18
http://www.plantphysiology.org/content/118/2/551.full%23ref-6
http://www.plantphysiology.org/content/118/2/551.full%23ref-19
http://www.plantphysiology.org/content/118/2/551.full%23ref-6
http://www.plantphysiology.org/content/118/2/551.full%23ref-19
http://www.plantphysiology.org/content/118/2/551.full%23ref-19
http://www.plantphysiology.org/content/118/2/551.full%23ref-2

stresses, such as cold, heat, salinity, and drought, induce ethylene production anve atidas
and cause damage in plants. Ethylene is produced either chemically througloniaete
combustion of hydrocarbons or biologically by almost all living organisms (Waalg 2202,
Pech et al. 2004). There is a lot of evidence showing that ethylene is an esseri@ient of a
wide range of responses to biotic and abiotic environmental stresses Shinok&lkd@d,a/Vang
et al. 2002, Guo and Ecker 2004, El-Tayeb 2005). Further, many of these stress responses
integrate ethylene signaling into more complex circuitry involving salicylate antbjaate
signaling (Wang et al. 2002). The effects of ethylene on plants are relgoddkeat the level of
its synthesis and perception of the hormone (Caren 2007, Wang et al. 2002). Tirani et al. (2013)
studied the effects of ethylene on chlorophyll (Chl), carotenoid (Car), anthogcflavonoids,
ascorbic acid, dehydroascorbic acid, total ascorbate, lipid peroxidation, glahetproduction

in leaf of canola pretreated with SA. Their results showed that the ethylene méeatnticed
lipid peroxidation, lowered significantly Chl and Carotenoids contents and anthocyanin
accumulation.

On the basis of the numbef times in the best statistical category for leaf characteristics,
overall plant quality (attractivenes§)NC, RSC proline content and KNa' ratio, G. flavumwas
found to have higher recovery rate when compardd.tacutidenatumG. grandflorumandG.
corniculatum Also, he treatment of 1M ABA was the most effective followed byr@M SA,
20mM ethephon and 0.08M Fusicoccin in enhancing salinity stres€&ducium SPPrecovery.

In sunmary, Glauciumspp under salinity stress exhibited a positive response to gregthator
treatments in terms of improving leaf characteristiclentp height, overall fant quality
(attractiveness)TNC, and K/Na' ratio. G. flavumshoweda greater tendency to recover from

salinity stress at all growttegulatortreatments when compared to the other species tested. The
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treatment o2 mM ABA is recanmended to improve the recovery rate@hauciumspp.under

salinity stress.
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CHAPTER 2

RECOVERY OF GLAUCIUM SPP. FROM DROUGHT STRESSUSING GROWTH
REGULATOR TREATMENTS
SUMMARY

Water conservation especially in arid and semiarid regions of the is@rtdecessity. Plant
speciesand cultivars within a species, vary in their drought tolerance. These ~asiatie the
result of variations in genes relating to drought tolerance mechanismseanidttraction with
the environment. In order to reduce water usage, it is important to understand the mecbnis
plant adaptation to drought stress. Horned Pop@asutiumspp) are members of the Poppy
family, Papaveraceae, that are native to the Mediterranean and Middle East fdwganigectives
of this study were to (1) determimeénether applicationsf Abscisic acid (ABA), salicylic acid
(SA), fusicoccin, and ethephon could prom@iaciumspp growth and recovery from drought
stress; (2) determine the most effective concentratibeach growth regulator in tmecovery of
the stressed plants; (3) evaluate tleeoverydegree from drought stress among thencgon
Horned Poppy species that are available at Denver Botanic Ga@ldtes;um, G. corniculatum,
G. grandiflorumand G. acutidentatursy (4) determine which evaluation criteria are associated
with superior recovery rate; (5) confirm selection criteria for evalnatif drought tolerance in
Horned Poppy species. Lysimeter columns were used in this study whichpliceted twice in
the CSU Plant Science greenhouse. Four Grawtiulatortreatments were used and were applied
weekly with irrigation water. Three levels of each regulator were usedtriients continued for
two months. Data were collected weeklyleaf color (using color cha, leafsize (using Image J
software), and the quality and general attractiveness of the plant ussegaderisual estimation

(using a scale of 0 to 9 where 9 is the optimum quality, with a rating of 6.0 or higher mglicati
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acceptable qualitySamplesvere collected for TNC, RSC amoline content analysis for each
treatment at the end of the experientenapotranspiration (ET) measurements were collected
every 2 to 3 days during the four month growth period. Five weight readings per pot were made
duning each measurement and the average value was used for ET calculation. ET waedalcul
by mass difference and expressedras d!. On the basis of the number of times in the best
statistical categoryfor leaf characteristics, overall plant quality (ativeness), water use
efficiency, TNC, RSC, angroline,G. flavumwas found to have the greatest recovery rate from
drought stress when compareddoacutidentatum, G. grandifloruandG. corniculatumAlso,
the treatment of ;hM ABA was the most effective followed byr@M SA, 20mM ethephon and
0.03 mM fusicoccin in enhancing drought stresgglducium spp. recovery.Growth regulator
treatments could affeprolineaccumulatiorthroughtheir effect on the overall growth of tpé&ant
that affect all plant activities especially diffetggmowthregulatorconcentratbns and interactions
as it will be indicated in the next Chaptén. sunmary, Glauciumspp under drought stress
exhibited a positive response to growtégulator treatments in terms of improving leaf
characteristics,lpnt height, overall lant quality (attractivenessJNC, and water use efficiency.
G. flavumshowed greater tendency to recover from drought stress at all gregahator
treatments when compared to the other species tested. The treatm2ninidf ABA is
recanmended to improve the recovery rateGlauciumspp.under salinity stress.
INTRODUCTION

Water is a limiting factor in arid and re@rid regions and as a result dfastic water
conservation methods are greatly needed. Because ofitiense water usage and the diminishing
water resources, many arid states have implemented water conservagoans (Soeder and

Kappel, 2009). The demand for water has led to an inadequate water supply for lanaisdases
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a result negative impacts on the aesthetics and functionality. Therefore,vilepdeent of
efficient irrigation management programs as well as the selection and imgmtvefrdrought
tolerant landscape plants sheecome extremely important in order to maintain landscapes at
acceptable quality.

Plant speciesand cultivars within a species, vary in their drought tolerance. These
variations are mainly genetic and could be due to environmental adaptations (DuwhCarraw,
1999). Usually evaluations for drought tolerance of plants depend on shoot growth, &slrepor
crop yield response curves proposed by Maas and Hoffman (Igartua, 1995; Maésffamah,
1977).

In arid and semiarid regions, climate and sonl oz@ake it difficult for many ornamental
plants to grow. Therefore, nurseries are always interested in new tplaintgl!l survive well in
such climates and satisfy the customer’'s desire for new beautiful plaotsed Poppies
(Glauciumspp) are members of the Poppy family, Papaveracgkeiciumspps.are species that
have originated in the Mediterranean and Middle East regions. Some species haler a wi
distribution than others. Horned poppies require full and well-drained soils for optimum
growth. They should be spaced between 30 and 60 cm apart, and are best growmgyrstedi
fall where they areotbloom and thinning to the desired spacing as they germinate in the spring.
The roots of the horned poppy are considered poisonous.

All horned poppies have bligreen bliage thatis deeply pinnatifid to pinnatisect and
typically grow 3650 cm long. Théeaf have varying degrees of texture from glaucous to villous.
All leafare lyrate to sublyrate shaped and have a rosette growthTadjthave solitary blooms
on flower stalks that grow above the foliage. All species have four petals iedhaia and their

pistil is completely surrounded by stamens. They all develop long hehagubd seed siliquiforms
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with the stigma remaining tap off the top of the fruit. Species of interest in this study Were
flavum G. grandiflorum G. acutidentatunandG. corniculatum

Glaucium flavunCrantz is the most widely spread species in the genus. It is found from
the coasts of Britain and thelantic Islands to the coasts of the Mediterranean Basin and the Black
Sea (Greywilson, 2000). It grows predominantly on sandy beaches and as a resulmtismy
known as the Sea Horned Poppy. According to Davis (1863kvumis distinguished fronather
species by several characteristics. The sepals have crisp, pilose hairswfateeand the petals
can be solid yellow, red or reddish mauv@laucium flavums most often recognized for the
yellow petals and is ecomonly referred to as the YelloWorned Poppy. The ovary is densely
papillose to tuberculate, basically a bumpy surface. The siliquae will rewipapillose to
tuberculate texture.

Glaucium grandiflorunBoiss & E. Huet is native to the southern part of the Caucasus
Mountains but it is also found in Syria, Iran and the Sinai (®vdgon, 2000). Turkey is situated
between the Mediterranean Sea and the Black Sea, where the precipitajes fram 580 to
1300 mm/year. However, in the mountain ranges of the country there are great difference
climate changes with harsh winters and drier conditions with low precipitatidé@Cohm/year.
Glaucium grandiflorumhas features that distinguish it from otl@&auciumspecies. It has only
one main flower stem while other species have multiple flower stalks gromamgthe base of
the rosette (Davis, 1965). The sepals have short, stiff hairs making the surfaige Tilie petals
are dark orange to crimson red with a black spot at the base of the petal. Treeqgfddeflower
exceeds the subtending leaf, which differs from the @iheuciumspecies. There are two varieties

of G. grandiflorum var.grandiflorumand vartorquatum. Glaucium grandifloruwar.torquatum
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has red petals with a black blotch and can be found in calcareous hilBH@esium grandiflorum
var. grandiflorumis found in fields, banks and rocky slopes.

Glaucium acutidentatudausskn &ornm is endemic to Turkey where it is found on dry
hillslopes and rocky places (Gr#Vilson, 2000). G. acutidentatunms the most glabrous species
with smooth sepals and ovaries. Although the ovary is smooth, the resulting siliguaerislese.

The peals are solid orangeuff color. G. acutidentatunmns found at elevations of 95400 m on
dry hills (Davis, 1965).

Glaucium corniculatunfL.) J.H. Rudolph is native to the Mediterranean basin, Atlantic
islands, Caucasus Mountains, Bulgaria, Romania, northern Iraq and northwestern éyan (Gr
Wilson, 2000; Davis, 1965)G. corniculatunmalso has some unique characteristicdelthave a
soft, villous texture and its sepals are scabrous to hirsute. The petaldl@ase geange or red
(Davis, 1965) with a black basal spot (Grey-Wilson, 2000).

In order to reduce water usage, it is important to understand the mechanisms of plant
adaptation to drought stress. Drought resistance includes a range of meshemigioyed by
plants to withstand periods of drought (Beard, 1989). Strategic mechanisms idobudgnt
escape, drought avoidance, and drought tolerance (Turner, 1986). The significantecdtleese
strategies is related to drought duration and severity in addition to the plantsspduwse
mechanismsare associated with anatomical, morphological, physiological, and biochemical
changes. The reduction in the evapotranspiration (ET) rate and the ability ofess $panaintain
transpiration as the soil dries are example of drought tolerance mechasigrseduction in ET
indicates a better water use efficiency. Changdsahthat facilitate drought tolerance include
reduced leaf growth and area, increased pubescence, rolling or foldingevesrd stomates

(Duncan and Carrow, 1999hebalance betwen carbohydrate production and consumption will
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impact the ability of plant species to cope with streddearig and Fry, 1999; Lee et al., 2008a,
2008b;Shahba, 2010b, Shahba et al., 2012). Amino acids, espqxiailye, accumulate in larger
amounts tacope with increasing stress in planted et al., 2008b Prolineaccumulation is one
of the first responses of plants exposed to waddicit stress and serves to reduce injury to cells
(Ashraf and Foolad 2007). Rapid accumulatiorpadline in tissuesof many plant species in
response to drought, salt or temperature stresses has been attributed to oatiooréiglolwvers et
al., 1977; Levitt, 1980). However, because of contrasting reports relgbealitee accumulation
effect on stress tolerance (Mancu2002; Torello and Rice, 1986), its use as selection criterion for
stress tolerance has been questioned (Ashraf and Harris, 2004). Thus it idltaitiests be made
before making any conclusion regarding the rolgmiine in stress tolerance of any specific
species.

In a previous study (Getlawi 2013), it was shown that drought tolerar@awtiumspp.
is dependent on the internal osmoregulator content. Many studies discussed tlesptarsas to
stress via internal chemical signals and growetiulatoradjustments. However, few studies dealt
with the effects of exogenous growthgulatorapplications on the physiology of plants under
stress such as Aroca et al. (2008) who evaluated the influence of exogenous ABA appicati
plant development, physiology, and expression of several stress related gerastlafieought
and a recovery period. The objectives of this study, therefore, are to (1) deterhatieerw
application®of Abscisic acid (ABA), salicylic acid (SA), fusicoccin, and ethephon could promote
Glacium spp. growth and recovery from drouglstiress; (2) determine the most effective
concentrationsf each growth regulator in thecovery of the stressed plan(8) evaluate the
recoverydegree from drought stress among thencon Horned Poppy species that are available

at Denver Botanic GardenS, flavum, G. corniculatum, G. grandifloruandG. acutidentatuisy
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(4) determine which evaluation criteria are associatid superior recovery rate; (5) confirm
selection criteria for evaluation of drought tolerance in Horned Poppy species.
MATERIALSAND METHODS

Lysimeter columns were used for these experiments. Columns were plélcedjreen
house Sixty plants of each species that were planted in 15 cm in diameter and 50 cm long PVC
tube containing potting mix were used. These plants were previously used for doderginice
strees screening and already suffered different degrees of Stress. treatments that were
applied included control (100% of the total evapotranspiration), 75%, 50 % and 25% of the total
ET. Experimental design was randomized complete Block (RCB). Each block reeksae of
the replications and contaisity tubes. Four blocks were used. dg#ants in each tube were
selected of similar size and height, hold the same numbeafand suffered similar degree of
stress. Four Growth regulativeatments were used and were applied weekly with irrigation
water. Three levels of each regulator &vased. Evapotranspiration was measured weekly to
monitor the change in the evapotranspiration. Four representative tubes for esshvgper
used as lysimeters and were watered with enough water and left to draim fft€r which the
weight of eachiube was recorded. Each tube was thewemhed every 24ours. The daily
changes in weight represent the daily evapotranspiration for each speesmeéents continued
for two months.
Data Collection. During the course of the experiment data were collected weekly on plant leaf
color (usingeaf color chart), leatize (using Image J software), and general attractiveness of the
plant using personal visual estimatiarsiog a scale of 0 to 9 where 9 is the optimum quality,

with a rating of 6.0 or higher indicating acceptable quality).
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ET measurements were collected every 2 to 3 days during the four month growath peri
Five weight readings per pot were made during each measurement and the zaleigas used
for ET calculation. ET was calculated by mass difference and expressed 4.

Samples were collected for TNC, RSioline and tissue Naand K content analysis for
each treatmenfTotal nonstructural carbohydrate content, RSC, tisstieaha K" and proline
content were determined at the termination of the experiment. Shoot tissuéeatiination of
the experiment was harvested and washed with cold distilled water to remoiveéglias for
carbohydrate analysis. Approximately 5 g samples from the treatmentsaezediied
(Genesis 25 LL Lyophilizer, Virtis, Gardiner, NY). After freeze4idg, samples were ground
with a Wiley mill, sieved thought a screen with 425 um openings, and kept in airtighat+al
20°C. TNC was measurediong the method described by Chatterton et al. (1987). In brief, 25
mg freezedriedsamples were transferred to 5 ml of 0.1% clarase solutiomeamobted at 38°C
for 24 h. Then, 0.5 ml of hydrochlo@cid (50%, v/v) was added to the incubation solution.
After the solution was incubated at room temperature for 18 h, the pH value of the seagtion
adjusted to between 5 and 7 with 10 and 1 N NaOH. This resulting solution was used to
determine TNC content using a spectrophotometer at 515 nm wavelength (model DU640;
Beckman).

To measure the free reducing sugar, 25 mg of the freeze dried, ground, and sieved sampl
was extracted with 10 ml of 0.1 M phosphate buffer (pH = 5.4) for 24 h at room tem@efatur
extracted aliquot (0.2 mL) was used to determine the reducing sugar contemdyhe same
method as was used to measure TNC.

Actual proline tissue accumulation levels were determined according to the method of

Bates et al. (1973) as modified by Torello and Rice (1986) with approximatelyr&sbhgweght
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of tissue. Samples were ground with liquid nitrogen in a mortar. Each samplemwagenized
in 10 ml of 3% aqueous sulfosalicylic acid followed by agitation for 1h prior tatidin through
#2 Whatman filter paper. After filtration 2 ml of extrdicim each sample was reacted with 2 ml
of ninhydrin reagent (1.25 mg of ninhydrin in 30 mL of glacial acetic acid and 20 mL of 6 M
H3PO4) and 2 ml of glacial acetic acid followed by 1 h of heating a.@® an enclosed water
bath. Samples were then quickly cooled byrersion in an ice bath and totpfoline was
determined spectrophotometrically at 520 nm. Acpualine tissue accumulation levels were
determined by subtracting mean control data from groedhlatortreatment data for all cultivars
during the entire experimental period.
Data analysis. Effects of species, growttegulator and growth regulator levels and their
interactions were determined by analysis of variance (SAS Institute,. 200iditored
parameters (leafolor,leafarea, plant quality, KNa“, TNC, RSC and Proline contents of
shoots)were analyzed on individual measurement dates to examine the differences in the
recovery rate among different treatment. Means will be separated by leastangmiifference
at the 005 level of probability.

RESULTSAND DISCUSSION
L eaf characteristics:
L eaf color. Comparisons of leaf color among species and growth regtie&dments clearly
showed significant differences. Species and growth reguideyaction was also signitant
(Table 2.1). Comparison of species within each treatment indicated.tHavumhad a superior
recovery rate (Fig. 2.1). Even under control treatm@nflavumleaf color was not below the
acceptable rating of 6.0 and showed reasonable recover@rateutidentatunshowed

acceptable color under the treatments of2\M) ABA, 2.0 mM SA, and 20.0nM ethephon and
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was below 6 only at the treatment of Ori®1 fusicoccin G. grandiflorunshowed acceptable
guality only with treatment of 2.M ABA. G. corniculatumeaf color did not recover to the
acceptable level at the end of the expentwath any treatmentThe treatment of 2.0M ABA
resulted in the highest recovery in leaf color followed by 20\ ethephon, 2.enM SA and
0.03mM fusicoccin (Fig. 2.1)There was no significant difference among species in the rate of
improvement or change compeared with control treatment.

Generally drought affects leaf color qumalin different degress. As soon as growth
conditions improve, recovery expected at different degress too based on theapdgesvth
conditions. Many studies reported the effect of drought on leaf color and gueifygreenness
decreased under drought conditions almond genotypes (Yadollahia, B@kas and Medrano
(2002) reported a reduction in leaf greenness in C3 |[@afiinder water stress and associated
that to degradation in chlorophyll content. The retentideaffor the observation of ‘stay
green’ under water stress conditions has been reported in some cassava liasscanelated
well with drought tolerance and improved yields (Lenis et al. 2006). The deaneatative
greenness of the leaf under drought conditions is likely due to a decrease in cttlacogbnt
(Gibon et al., 2000). There was a 38% reduction in chlorophyll content when compared to full
irrigation of plants (Din et al., 2011). Increasing water stress reduced the) @fu the (Chl a:
b) significantly (Liu, et al, 2011). The pigment content generally decrehsetb low synthesis
rate and rapid degradation under water stress (Mihailovie et al., 1997; LeR608;
Yadollahia, 2011)Getlawi (2013) indicated a negative effect of droughGtauciumspp.leave
color at different degrees. Applying exogenous compounds is one way to reduce gestructi
effects of abiotic stresses (Yuan and Lin 2008). Growth regwdat@imulatenously in direct

and direct ways to improve the leablor during recovery.
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Table 2.1. Analysis of variance with mean squares and treatment signifi¢eat color, leaf area, plant
quality, shoot K/Na’, total nonstructure carbohydrate content (TNC), shoot reducing sugar content
(RSC), andProlinecontents inGlauciumspp.during the recovery from salinity stress.

Parameter Species (S) PGR S xPGR
Leaf color(0-10) 6.5%* 82.0** 70.5*
Leaf Area (cr) 2.2%% 4.9% 3.1%
plant quality (010 scale) 6.7** 6.9** 6.4*
TNC (mg g* dry Wight) 990.0** 1010.0* 750.0*
RSC (mg ¢ dry Wight) 44.0*  540.0*  33.0*
Proline content (mg§dry Wight) 980.0** 1211.0** 1050.0*
Total ET (mmd!) 1.2%* 3.0** 2.5*%

*significant atP < 0.05, ** Significant at P <0.01
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Fig. 2.1. Effect of different growth regulator on leaf color during the regdvem drought
stress of fouGlaciumspp.Columns labeled with different letters aignificantly different
at P = 0.05 among growthegulatortreatments. Columrabeled with an asterisk are
significantly the highest among species within elaehtment.

L eaf area. Analysis of variance indated significant differences among species and among
growthregulator and their interactions (Fig. 2.2). Comparison among species indicated tha

G.flavumachieved the highest leaf area under all treatments including control treé&dhosved
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by G. acutidentatumG. grandiflorumandG. corniculatum The treatment di2.0mM ABA
resulted in the highest leaf area followed by 20N ethephon, 2.enM SA and 0.03nM
fusicoccin (Fig. 2.2). Under control treatme@t, flavumacheived an average leaf are®df
cn? while G. acutidentatunachieved an averge leaf area’d cn?, G. grandiflorumachieved
6.0 cnf andG. corniculaturmachieved 4.5 cA(Fig. 2.2). Leaf area increased from 9.5 to 20.5
cm? in G. flavum from 7.5 to 19.0 irs. acutidentatumfrom 6.0 t017.5 ciin G. grandiflorum
and from 4.5 to 16.0 chin G. corniculatununder the treatment oVl ABA (Fig. 2.2). Leaf
area followed the similar trend of leaf colbeafthat were able to recover healthy color
generally have a greater leaf area. There was no significant difference aracieg gpthe rate
of improvement or change compeared with control treatment.

It is logic that the leaf area followed the trend of leaf color since healtighould have
a greater leaf area. Although there was considerable decrease in overaldeafzaflavum it
appeared to be the most drought tolerant species. Water stress is one of thenmast co
environmental factors affecting plant growth and productivity. Reduced waté&alahtgiinduces
numerous physiological and biochemical changes in all plant organs. Gas exchéajdas
limited, which in turn reduces carbon assimilation. Changes in the distribution ofgestalates
can reduce vegetative growth (Boyer, 1970; Gehrmann, 1985; Singer et al., 2003) as well. The
reduction of leaf area is principally explained by a lower leaf unfolding ratehwesults in
smaller leaf size (Lecoeur at., 1995; Lecoeur and Guilioni, 1998). The reduction in leaf area
could be an adapting mechanism to water stress. The mechanism, by which plantdeaf
reduced under water stress, is thought to be the reduction of cell elongation, whgholea
reduction of cell size and therefore a reduction of leaf area (Schuppler et al., RB88hged

exposure to drought decreased leaf size (Munns et al., 1986; Volkmar et al., 1998, Getlawi, 2013).
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Getlawi (2013) indicated a negative effect of droughtGdauciumspp.leavearea. Applying
growthregulatorseemed to enhan€&auciumspp recovery by reducing the destructive effects
of drought and the enhancement of cell division and enlargement due to reestablishilamtee ba

between different types of growth regulator.

Leaf area §G. flavum
25 - O G. acutidentatums
@G. grandiflorum

BG. corniculatum

20 A

o)

Q

A
a1
I

Leaf area (cm?
=
o

Control 2 mM ABA 2mMSA 003mMFC 20mME
Plant growth regulators treatment

Fig. 2.2. Effect of different growth regulator on leaf area during the regénoem drought
stress of fouGlaciumspp.Columns labeled with different letters are significantly different
at P = 0.05 among growth regulatmeatments. Columns labeled with an asterisk are
significantly the highest among species within each treatment.

Plant Quality (attractiveness):
Plant quality (attractiveness) varied significantly amspecies and growth regulator
treatmentsThe interaction between species and grawtjulatortreatments was significant too

(Fig 2.3. Droughtdecreased the attractiveness ofafuciumspp.at different degrees (Fig.
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2.3). Without the addition of any growth regulat@r,flavumachieved the ighest recovery and
recorded a quality rate of 5.5, followed Byacutidentatun{4.5),G. grandiflorum(3) andG.
corniculatum(2.2) (Fig. 1.3). The treatment oh2M ABA had the most significant recovery

effect on all tested species. At 2 mABA Glaucimflavumhad its highest quality of 9, followed

Plant quality (Attractiveness) OG. flavum
0O G. acutidentatums

10 -
a3 ® G. grandiflorum
9 -
. R B G. corniculatum
z 8 b
(O] 8 T c.
P!

Attractiveness (€10 scale, 10

0.03mMFC 20mME
Plant growth regulators treatment

Fig. 2.3. Effect of different growttregulatoron plant quality during the recovery
from drought stress of fo@laciumspp Columns labeled with different letters are
significantly different aP = 0.05.

by G. acutidetutun{7.9),G. grandiflorum(6.5) andG. corniclatum(5.7) (Fig. 23). The
treatment of 20nM ethephon achieved a quality of 8Gn flavum followed byG. acutidetutum

(7.2),G. grandiflorum(5.5) andG. corniclatum(4.7) (Fig. 23). The effect of 0.08nM
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fucicoccin was the least among treatmenkgere was no significant difference among species in
the rate of improvement or change compeared with control treatment.

Strategiesthat include both morphological and physiological modifications. These
modifications may affect plant leaf greenness, leaf size and shape, plan{$leapt to root ratio)
and flowering quality. Water stress has been shown to significantly reduoée iz
(Champolivier and Merrien, 1996). Studies have also shown that drought stress can affect the
growth of plant organs differently (Spollen et al., 1993) which may result inltér@toon of
morphology (French and Turner, 1991). Putievsky et al. (1990) reported that wederhstd a
negative impact on green tissue yield @éranium Drought caused reduction in all growth
parameters ofatricaria chamomilgRazmjoo et al., 2008). Furthermore, a study by Flexas and
Medrano (2002) showed that moisture deficiency affects various physiolegidametabolic
responses such as stomatal closure, decline in growth rate and photosynthesiBal#dset al.
(2002) srowed that greater soil water stress decreased plant height and total frdsy \aeaajht
of Satureja hortensisColom and Vazzana (2002) showed that the number of branches per plant
and total plant dry weight was negatively affected by water stré&sagrostis curvulaThe range
of drought in which the plant is able to survive varies according to the specied94BaJl The
ability to limit Na" transport into the shoots, and to reduce thé &tcaumulation in the rapidly
growing shoot tissues, is criéity important for maintenance of high growth rates and protection
of the metabolic process in elongating cells from the toxic effects ofR&Ezmjoo et al., 2008)
which is a process that requires sufficient water in plant cells. Also, droughtliinegtly or
indirectly inhibit cell division and enlargement and finally the growth of the whote.faought
caused a decline in the quality of bermudagrass cultivars (Shahba, 2010b) and peag@buen

cultivars (Shahba et al., 2014). In addition, elevated drought may advefsetypfibtosynthesis
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and as a result adversely affect plant biomass production through reduced accoroltarbon
products (Munns and Termaat, 1986). The reduction in the number of flowers usually is more
drastic than other growth parameters under high drought as it is a cumulattt€RéizMjo0 et
al., 2008). Fewer flowers and reduced size of flowers adversely affecttthetiatness of
landscape plants.

Many reports confirmed the internal modification in growgigulatorin termes of types
and concentrations under drought stress (Wilkinson and Davies, 2010; Zhang et al. s2i8; A
et al., 2005; McCann and Huang, 2008; Qin and Zeevaart, 2002). Externally grguldtots
amendments affect the internal balance of graetiulatorthat can help the plant to regrow and
recover fran stresgYuan and Lin 2008).
Water use:

Drought avoidance is an important drought resistance strategy. Drought aectdanoe
achieved through the reduction in water use or water loss through the canopy@asingc
water uptake of roots from deepeils. ET is a measure of water use and is an indicator of plant
vigor. ET varied significantly < 0.05) among species, among growth regulator and their
interaction (Table 2). The decline in ET rate under drought stress was expé&:tédvum
showed lower ET rates under drought conditions comparéd acutidentatumnG. grandiflorum
andG. corniculatumG. corniculatunmhad the highest ET rates at the control treatment (Table
2.2). The treatment of 2fAM ABA resulted in the highest recovery rate and as a result the
highest ET rate in all species followed by, &/ SA, 20.0mM ethephon and 0.08M
fusicoccin.G. flavumshowed the highest ET rates under all growwtfulatortreatments

compared t@. acutidentatumG. grandiflorumandG. corniculatum (Table 2.2).
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Many species have shown considerable interspecific diversity for variousrenental
stresses, including drought (Duncan and Carrow, 1999; Trenholm et al., 1999; Lee et al., 2004c)
Kim and Beard (1988) found that species/cultdidierences in ET rates under nbmiting soll
moisture conditions were associated with canopy resistance and total éeddighecanopy
resistance and/or a low leaf area resulted in lower ET. Arunyanark e2@8) (2ported a
reduction in transpiration rate as a result of drought while the transpiréfimeney, as
indicated by total dry matter production, was increase@ampt Arachis
hypogaed..). Baranyiova et al. (2014) concluded that, the use of growth regidator
accompanied with a number of positive effects, especially in the conditions ofdsatr By
applying growthregulatorwe can reach a partial elimination of environmental stress effect.
Growthregulatorcan improve water use efficiency. They also have influence on increase of
roots: above ground biomass ratio and can also influence the accumulation of ansdkiaant
protect plants. According to their results, growth regulaéatments increased the CO2
assimilation rate and stomatal conductamcwinter wheat under drought conditions
(Baranyiova et al. 2014).

Table 2.2. Effect of different growth regulatogatment Total ETndmd?) on Glaciumspp.during the
recovery from drought stress. Linear regression of different totair&T{1) of measured at the end of
the experiment vs. growtlegulatortreatment (cotrol, 2mM Abscsic acid, ABA, 2nM salicylic acid,
SA, 0.03mM fusicoccin, FC, and 28Im ethephon, E.

Total ET (nmdY)
PGR treatment

20mM
Species Control 2mM ABA 2mM SA 0.03mM FC E
G. flavum 1.1dt 4.5a 4.0a 3.5a 3.6a
G. acutidentatum 1.6c¢ 4.0b 3.6b 3.2b 3.3b
G. grandiflorum 2.1b 3.5¢c 3.3c 3.0b 3.2b
G. corniculatum 2.4a 3.0d 2.8d 2.5¢c 2.7c

t Values followed by the same letters within a column for each cuétreanot significantly different
(P = 0.05) based on a Fisher’s test.
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Osmotic adjustment:

Osmotic adjustment facilitates water uptake and limits water loss from cells. TSuestis
may sustain metabolic and physiological functions under drought stress iomtllithe stability
of cell membrane. Testedsmotic adjustment parameters includgtbot total nonstructural
carbohydrates, total reducing sugar content and slpooline conent. Osmeegulator
accumulations a way of coping with drought stress. At favorable conditions, when plantstart
recover, osmoregulataontent decrease.

Total Nonstructural Carbohydrates and Total Reducing Sugar Content:

Shoot TNC and RSC varied significantly anga@pecies, growthregulatortreatments and
theirinteraction (Table 2.1). Generally, drought stress decreases shoot TNCr@ades RSC of
Glauciumspp (Getlawi 2013). Growthregulatortreatments significanthaffected the recovery
rate and the dynamic balance between TNC and RSC. The treatmeniMbABA was the most
effective followed by 2nM SA, 20mM ethephon and 0.08M Fusicoccin (Tables 2.3 and 2.4).
G. flavumachieved the highest recovery rate andrasualt the highest level of TNC and the lowest
level of RSC (Tables 2.3 and 4). At the treatmentoMN2ABA, average TNC increased by 109.9,
142.4, 138.5 and 164.5% . flavum G. acutidentatumG. grandiflorumandG. corniculatum
respectively (Table 2.3) while RSC decreased by 72.7, 55.6, 32.6 and 6G@%lavum G.
acutidentatumG. grandiflorumandG. corniculatunrespectively (Table 2.4An increase in TNC
was expected due to continued improvementeaf color, area and glity that add to the
photosynthetic tissues. Reovery from stress escalated the increase iridiCesulted from the
recovery of the shoot system.

Reducing sugars in plamsainly consists of glucose and fructose (Ball et al., 2002;

Shahba et al., 2003). While nonstructural carbohydrates are energy reseraassirspluble
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reducing sugars are thought to play an important role in drought tolerance asgsgator

(Popp and Smirnoff, 1995).

Table 2.3. Effect of 2nM Abscsic acid (ABA), 2nM salicylic acid (SA), 0.08nM fusicoccin (F), and
20 mM ethephon (E) on total non-structural carbohydrates (TNC) in shoGigwéiumspp measured at
the end of the recovery from drought stress.

TNC (mg g* dry weight)
PGR treatment

. 2mM 0.03nM 20mM
Species Control ABA 2mM SA EC E
G. flavum 55.5at 116.5a 112.4a 98.0a 104.0a

G. acutidentatums 46.0b 111.5b 107.0b  92.0b 95.0b
G. grandiflorum 39.0c 93.0c 88.0c 82.0c 84.0c

G. corniculatum 31.0d 82.0d 76.0d 68.0d 71.0d
T Valuesfollowed by the same letters within a column for each cultivar are nafisantly different
= 0.05) based on a Fisher LSD test.

Table 2.4. Effect of 2nM Abscsic acid (ABA), 2nM salicylic acid (SA), 0.08M fusicoccin (), and
20 mM ethephon (E) on total reducing sugar content (RSC) in sho@iaofiumspp measured at the
end of the recovery from drought stress.

RSC (mg ¢ dry weight)

PGRtreatment

2mM  2mM  0.03nM 20mM
Species Control ABA SA FC E
G. flavum 44.0at 12.0d 15.0d 19.0d 17.0d
G. acutidentatums 36.0b  16.0c 19.0c 23.0c 20.0c
G. grandiflorum 27.0c 18.2b 22.0b 26.0b 24.0b
G. corniculatum 24.4d 22.4a 25.0a 29.0a 27.0a

T Values followed by the same lettevghin a column for each cultivar are not significantly
different P = 0.05) based on a Fisher LSD test.
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Carbon reduction could be related to the drought resistance mechanisms tinargye e
dependent. The results suggested that carbohyavaitability was a limiting factor for shoot
growth under high drought stresshahba (2010b) found an increase in RSC and a decrease in
TNC with drought increase in bermudagrass species (Tifgreen, Tifdwarf avelyY @&nd seashore
paspalum cultivars (Shahba et al., 2012, 2014).

Soluble carbohydrates may interact with membrane phospholipids and proteins itcestabil
their structures and prevent desiccation under drought stress (Popp and Smirnoff, l€95). T
serves as the resource for the increased RSC under drought conditiohmldree between
carbohydrate production and consumption impacts the ability of plants to cope witlesstress
(Huang and Fry, 1999; Lee et al., 2008a, 2008b; Shahba, 2010b, Shahba et al., 2012).

In this study, it was logic to obtain an opposite trend dumagvery from drought stress.

In general, previous results and our results suggested that cawaiehsvailability is a limiting
factor for shoot growth under drought stress and during recovery from stress.

Growth regulator treatments affected the dynamics of carbohydrates usage and
accumulation throught their effect on the overall growth of the plant that affgtant activities.

TNC serves as the resource for the increased RSC under increased stress araitiba
relationship between TNC and RSC is a source sink relation and this is obvious if weecompa
their dynamics in Tables (2.3) and (2.4).

Shoot Proline Content:

Shoot proline contentaried significantly amag species, growth regulatoeatments
and their interactiofTable 2.5. It is well known that Proline content increases in response to
drought (Getlawi 2013; Shahba et al. 2014). During the recovery from drought stress, the

processes dProline accumulation was reversed. Growth regukag@atments significantly
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affected the recovery rate aRdoline content. The treatment ofr2Vl ABA was the most
effective followed by 2nM SA, 20mM ethephon and 0.08M fusicoccin (Table 2.5%.
flavumachieved the highest recovery rate and as a n@®lihe content was the lowest in
response to different growth regulateatments. At the treatment ofiiVi ABA, Proline
content decreased by 59.5, 50.0, 36.9 and 19.7G6 flavum G. acutidentatumG.
grandiflorumandG. corniculatunrespectively (Table 2)5Zhang et al. (2007) recorded that a

gradual degradation of ABA was observed when drought stress was removed.

Table 2.5. Effect of 2nM Abscsic acid (ABA), 2nM salicylic acid (SA), 0.03nM fusicoccin (FZ), and 20mM
ethephon (E) oRrolinecontent (P) in shoots @lauciumspp. measured at the end of tlecovery from drought
stress.

Proline content (mg fdry weight)
PGR treatment
2mM  2mM  0.03nM 20mM
Species Control ABA SA FC E
G. flavum 1110.0at 450.0d 510.0d 580.0d 530.0d
G. acutidentatum 950.0b  475.0c 565.0c 620.0c 590.0c
G. grandiflorum 840.0c  530.0b 587.0b 672.0b 620.0b

G. corniculatum 710.0d 570.0a 620.0a 700.0a 655.0a
T Values followed by the same letters within a column for each cultivar asggndicantly different P = 0.05)
based on Fisher’s test.

Although the role of proline accumulation in drought tolerance was proven in this study,
it has been questioned by others (Ashraf and Harris, 2004). These results suggestee a positi
role forprolinein Glauciumspeciessalinity tolerance. A positive effect pfolineaccumulation
in drought tolerance was also reporte@iauciumspp. (Getlawi 2013) and in seashore
paspalum cultivars (Shahba et al., 2014). Accumulation of priolipnt tissues in rggnse to
salinity stress has been attributed to enzyme stabilization and/or osmaoeg{ifkdwers et al.,
1977; Levitt, 1980; Vendruscokt al. 2007; Cvikrovéet al 2012; Raket al 2012). The decline
of proline content during the recovery of drouginéss indicates its importance to cope with the
stress conditions. It likely enhances membrane stability and act as arstakifon and nitrogen

for stress recovery, and can buffer cellular redox potential under stress con@sbref and
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Foolad, 2007; Maggio et al., 2002). Photosynthetic rate is affected by many factadinmc
stomatal conduction, CO2 assimilation, photosynthetic enzyme activities, iohibftPSlI
activity, and stability of photosynthetic apparatus (Careep. 2005; Silveetal. 2010).
Osmoregulation is one of drought resistance mechanisms of plantsetiz&¢2009).
Applying exogenous compounds is one way to reduce destructive effects of aleetestr
(Yuan and Lin 2008). The role of abscisic acid in stress physiology has receigbdttention,
and there is now considerable experimental evidence that the physiologict iffieiced by
drought might be modulated by ABA. Abscisic acid (ABA) selectively adfemt transport
processes (van Steveninck, 1976). ABA awpdo increase the permeability of roots to water
and to inhibit excretion of ions into the xylem but not to affect uptake of ions by the heot. T
effectiveness of ABA may depend on @ommental factors such as tparature (Pitman et al.,
1974; Pitman and Wellfare, 1978). In water stress conditions the changes in duard ce
transport which are responsible are initiated by the ‘drought’ hormone alsmi@BA). The
effect of ABA on cytoplasm and vacuole is more important in stomatal closure wherare
released across the tonoplast, from vacuole to cytoplasm (Hetherington, 2001¢d&cbred,
2001; Fan et al., 2004; Roelfsema & Hedrich, 2005). Increased ABA accumulation was
consistent with a putative Iein regulation of proline accumulation in tleaf of Cassava
(Manihot esculentadnd tobacco in response to drought conditions (Alves and Setter 2004,
Dobraet al 2010). Proline accumulation under drought was related to an increase in ABA
content and the subsequent reduction in Pralureng rehydration was related to a decrease in
ABA content (TrotelAziz et al. 2000). An et al. (2014) tested the effects of exogenous
application of abscisic acid on membrane stability, osmotic adjustment, photcsyatie

hormonal status of two lucern®lédicago sativd..) genotypes under high temperature stress
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and drought stress anttlicated that foliar application of ABA to stressed plants significantly
decreased electrolyte leakage and stomatal conductancecesased recovery in growth and
leaf water potential in the two genotypes under drought conditions. Bbbatg2010) found
that combined heat and drought stress resulted in a decrease in ABA iteappEtobacco,
accompanied by more serious damdgantin lower and middleafand contributed to Zeatin
Riboside (ZR) accumulations in the roots of drought-stressed tobacco plants to itstagser
tolerance. It has been proposed that ABA exerts a regulatory effect areRrodiumulation and
its subsequent mobilization in response to environmental stresses @ziztek-al 2000;
Nayyar and Walia 2004; Gomesal 2009).

Salicylic acid (SA) is a messenger molecule which plays a nonenzymataxatant
role in regulating plant physiological mechsms during stress occurrence (Ar&tral.,2007).
Fresh and dry weight of root and shoot, stem diameteleahdumber of cucumber plant
increased by spraying salicylic acid at drought condition (Betyal,2012; Yildirim et al.,
2008). Morphological characteristics like leaf area, plant height, root and shawtidhyt,
biomass, flower number and diameter and primary and secondary shoot numbers enhanced b
applying SA compared to no SA application, at drought condition (Martin-Mexand and Larqué
Saaedra, 2001). Salicylic acid controls photosynthesis system, photosynthesis amountt pigme
content and stomatal conductivity and regulates these procedures for apprordah and
development (Popowt al.,2009, Stevewt al.,2006, El-Tayeb, 2005, Kormka al.,2007).
Zarghami et al. (2014hvestigated the effect of salicylic acid in enhancing stress tolerance in

Petuniaplants and found a reduction in drought negative effects of drought stressunine
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Also, morphological and ornamental characteristics of flowers improved bgrugses of
salicylic acid and electrolyte leakage decreased usmlyl2f salicylic acid.

Environmental stresses, such as cold, heat, salinity, and drought, induce ethylene
production and oxidative stress and cause damage in plants. Ethylene is produced either
chemically through the incomplete combustion of hydrocarbons or biologicallynogizall
living organisms (Wang et al. 2002, Pech et al. 2005). There is a lot of evidencegsti@atin
ethylene is an essential component of a wide range of responses to biotic and abiotic
environmental stresses (Shinozaki et al. 1999, Wang et al. 2002, Guo and Ecker d@g4pEI-
2005). Further, many of these stress responses integraenetisignaling into more complex
circuitry involving salicylate and jasmonate signaling (Wang et al. 200®) effects of ethylene
on plants are regulated both at the level of its synthesis and perception of the hormemetCa
al. 2007, Wang et al. 2002). Tirani et al. (2013) studied the effects of ethylene on chlorophyl
(Chl), carotenoid (Car), anthocyanin, flavonoids, ascorbic acid, dehydroascorbic atid, tot
ascorbate, lipid peroxidation, and ethylene productideahnof canola pretreated with SAheir
results showed that the ethylene treatments induced lipid peroxidation, lovggméidastly Chl
and Carotenoids contents and anthocyanin accumulation.

Jung and Luttge (1980) mentioned that fusicoccin (FC) inhibited net excretion of Cl by
the glands of the pitchers of the carnivorous plbliepenthes hookerianaf Na” and Ci by the
salt glands of the halophytesnonium vulgareandL. pectinatumand of K in the nectar oAcer
platanoidesflowers. It had no effect on’kelimination with nectaof Impatiens walleriana
(extrafloral nectaries) antlbutilén striatum Abscisic acid (ABA) stimulated net excretion of K
and Cl in Nepentheand of Na and Clin Limoniumbut had no effects on'n nectar. Thus,

FC and ABA had opposing effects on ion excretion by the salt eliminating glahohsarfium
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and Nepenthes. Both compounds, however, had similar effects on sugar secretion of nectary
glands which was either inhibited or unaffected by FEC ABA. It is suggested that the effects
of FC and ABA on ion excretion by gland cells could be reconciled with literaturarsh®&-
stimulation and possible ABA-inhibition of proton pumps at the plasmakeof plant cells.
Fusicoccin was initially suggt to activate the plasma membrarieATPase by direct
interaction with the enzyméarre,1979). Later, fusicoccin was demonstrated to bind to a
“receptor” belonging to aaimily of proteins designated 14—-3-3 proteins (Kortlaoutde Boer,
1994;Marraetal., 1994;0eckingetal., 1994). These proteins constitute a highly conserved
family of eukaryotic proteins with multiple regulatory functioAstken, 1996. Recently, it was
shown that 14—3-3 proteins bind directly to thee@nrinal region of the HATPase and that
fusicoccin stabilizes the HATPase/143—-3 complex formed, rendering the association
irreversible Jahnetal., 1997 Oeckingetal., 1997 Baunsgaaretal., 1998. It is known to
stimulate the proton pump at the plasitemma of cells in a large variety of plant materials; a
multiplicity of other effects on transport processes and cell physiology teeleensecondary
consequences thereof (Marré, 1977). FC and ABA have antago- nistic effects on mtewvime
stomatal guard cells. FC causes stomata to open and prevents closure; thidlg gusbi
enhanced Hextrusion from the guard cells (Marré, 19Awhich then affects malate and K
accumulation, thus providing the basis for turgor increase and stomatal openingiatdease
cases (Raschke, 1975, 1977; Hsiao, 1976). Moreover, Clint & Blatt (1989) indicated that the
fusicoccininduced increase inKinflux should be attributed to energy-linked transport, and this
would predict cytoplasmic acidification by fusicoccinMitia, with consequent inhibition of the

efflux at the plasmaleman It is also worth noting that comparison of the effects of fusicoccin on
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cation and anion influx i€. cannunissuggests malate rather than chloride as the balancing
anion in the stimulated influx (Clint, 1987).

On the basis of the number of timedhe best statistical categdigr leaf characteristics,
overall plant quality (attractiveness), water use efficiency, TNC, RS{jraine,G. flavumwas
found to have the greatest recovery rate from drought stress when congi@arecutidentatum,
G. gandiflorumandG. corniculatumAlso, the treatment of Z1M ABA was the most effective
followed by 2mM SA, 20mM ethephon and 0.08M fusicoccin in enhancing drought stressed
Glauciumspp.recovery.Growthregulatortreatments could affegrroline accumulation throught
their effect on the overall growth of the plant that affect all plant activities elpetiféerent
growth regulatorconcentratiions and interactions as it will be indicated in the next Chéapter.
summary, Glauciumspp under drought stress exhibited a positive response to gregdiator
treatments in terms of improving leaf characteristicentp height, overall fant quality
(attractiveness)TNC, and water use efficiencéa. flavumshowed greater tendency to recove
from drought stress at all gromtbgulatortreatments when compared to the other species tested.
The treatment @ mM ABA is recanmended to improve the recovery rate€sdduciumspp.under

droughtstress.
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CHAPTER 3

GROWTH REGULATOR DYNAMICSDURING THE RECOVERY OF GLAUCIUM
SPP. FROM SALINITY AND DROUGHT STRESSES
SUMMARY
Many reports confirmed the internal modification in growth regulatoerns of types

and concentrations under stress conditi&xsernally growthregulatoramendments affect the
internal balance of growth regulator that can help the plant to regrow and récovetress.
The objective of this study was to test the change in the concentration of the igtewtal
regulator under stress conditions and during recovery in thenoo Horned Poppy species that
were available from Denver Botanic Garde@sflavum, G. corniculatum, G. grandiflorum and
G. acutidentatumgnternal growthregulator content of plants were assessed before applying
first treatment and at the end of the experiment. Plant growth regataioentrations change
over time were quantified using a protocol in which a 50 mg plant material only isdrieede
guantify most major plant hormones by HPIESHMS/MS. This method was the bhés
current study since sampling was done every 2 weeks over the course of theexp&amples
solutions (50 ul) were injected into the reverse-phase C18 Gemini HPLC column for HPLC—
ESHMS/MS analysis. Comparisons of internal individual growth regulator content among
species, growthegulatortreatments, sampling dates and their interactions clearly showed
significant differences. During the two month course of the recovery, the catmargrof both
IAA and IBA increased gradually. There was sligighgficant increase overtime in IAA and
IBA concentration under the control treatment over the course of the two month regenedy
The treatment of ;WM ABA achieved the highest increase in both IAA and IBA in all tested

species, followed by 26M ethephon, 2nM SA and 0.03nM fusiccocin.There was slight
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significant increase overtime in GAoncentration under the control treatment. The treatment of
2 mM ABA achieved the highest increase in &i\all tested species, followed by &M
ethephon, 2nM SA and 0.03nM fusiccocin. The concentrations of zeatin increased gradually
in all tested species during recovery. Zeatin concentration increasety slggrtime under the
control treatment. The treatment of 2 MBA achieved the highest increase inteea all

tested species, followed by 8tM ethephon, 2nM SA and 0.03nM fusiccocin. The highest
increase was i. flavum where zeatin increased from 8.0 to 29.0 ng/g Dwt (263%) under
control treatment, while the increase was 2422, 2196, 2050 and 1174% under the treatments of 2
mM ABA, 20 mM ethephon, 2nM SA and 0.03 Fusiccocin respectively. Even under control
treatment, there was a slight increase in SA content. The treatmemi\{ABA achieved the
highest increase in SA all tested species, folied by 20mM ethephon, 0.081M Fusiccocin

and 2mM SA. InG. flavum SA increased from 0.4 to 0.9 ng/g Dwt (125%) under control
treatment, while the increase was 720,600, 533 and 300% under the treatmenid ABA,
20mM ethephon, 0.03 Fusiccocin anth® SA respectively. On the other hand, and during the
course of the recovery, the concentrations of the internal ABA decreasedlgradeatime.

Under the control treatment, there was a slight significant decrease overtA in
concentration during the recovery period. The treatmenna¥l2ABA achieved the highest
decrease in ABAn all tested species, followed by 8M ethephon, 2nM SA and 0.03nM
fusiccocin. InG. flavum ABA decreased from 2.6 to 1.4 ng/g DwA@-%) under control
treatment, whiléhe decrease wa88,-85, -76 and -68% under the treatments w2 ABA, 20

mM ethephon, 2nM SA and 0.03 Fusiccocin respectively. During stress, internal ABA
accumulation was evident to cope with stress conditions. During recovery, when the

circumstances were favorable for growth, other groups of gnegthlatorthat are needed for
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acceleratedal division, enlargement and growth such as auxins, gibberellins, and cytokinnins
were abundant.
INTRODUCTION

Many reports confirmed the internal modification in growth reguliatéermes of types
and concentrations under stress conditions (Wilkinson and Davies, 2010; Zhang et al., 2007;
Aswath et al., 2005; McCann and Huang, 2008; Qin and Zeevaart, 2002). External growth
regulatoramendments affect the internal balance of graegjulator that can help the plant to
regrow and recover from stress. Watefidt due to either drought or salinity results in various
physiological and bio-chemical changes in plants (Farooq et al. 2009). Responsesanftthi® pl
water deficit stress include changes in osmolyte accumulation, stomatal conductance, growth,
and expession of specific genes. Accumulation of the osmolytes under water stress contributes
to osmotic adjustment by maintaining cell turgor (Mahajan and Tuteja 2005; $&k2@07).
For plant defense against various stresses, some growth regldgtarrde in the signaling
pathways (Overmyer et al. 2003). Also, growth regulesor stabilize cell membranes against
stress conditions by interacting with membrane phospholipids (Guschina et al. 2002).

Plant species and cultivars within a species vary im thieught and salinity response
and tolerance (Epstein et al., 1980; Pasternark, 1987; Saranga et al., 1992). Thesesvariat
probably result from the genetic variations especially in genes relatsigess tolerance
mechanisms and their interaction hvénvironments (Shannon, 1985; Bohnert et al., 1995;
Igartua, 1995; Duncan and Carrow, 1999). Usually evaluations for drought and salt tobérance
plants depend on shoot (aboveground) growth, as reported in crop yield response curves

proposed by Maas and Hoffman (Igartua, 1995; Maas, 1987; Maas and Hoffman, 1977).
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Plant hormones play a major role in plant growth, development and response to biotic
and abiotic stresses (Davies 1995; Crozier et al. 2000). Different hormones @egndiff
characteristibiological effects. To understand plant growth and development as affected by
plant hormones, accurate and efficient measurements of each of these hormoferemait dif
levels (whole plant, organ, cellular and sub-cellular) are required. Simultaneousatjuant
profiling of multiple classes of hormones provides a basis for defining additivegstiteor
antagonistic hormone activities and identifying hormone networks regulatingyatations in
addition to their dynamics under different environmental conditions (Aloni et al., 2006;aHp et
2003; Nemhauser, et al., 2006; Gazzarina and McCourt, 2001). In most analysis methods, crude
plant extracts are fractionated and purified by sphdse extraction, liquid—liquid extraction,
gas or liquid chromatography to increase hormone concentration, and the plant hommones a
detected by radionmunoassay, enzyme-linkeshimunosorbent assays (ELISAs), flame
ionization, UV, fluorescence or electrochemical detection (River and Cra2r; Hedden,

1993; Brenner, 1981; Reeve and Crozier, 1980; Weiler, 1984; Reinhold et al., 1981; Davis, 1987;
Linskens and Jackson, 1986; Pan and Wang, 2009; Birkemeyer, 2003; Muller; 2002). These
procedures usually require significant amounts of solvent, time and labor and not hgitlyese

or specific. The sensitivity and specificity of higkrformance liquid chromatography (HPLC)

with electochemical detection can limit its application for the measurement of a variety of
endogenous plant hormones at physiological levels in plant samples (River and, @8&7er
Reinhold et al., 1981; Davis, 1987; Linskens and Jackson, 1986). The usess speetrometer

(MS) as a detector for profiling and quantification of plant hormones and metabpottedes

high sensitivity and selectivity (Birkemeyer et al., 2003; Muller et al., 2002;akayk and

Sandberg, 2001; weber et al., 2001). Gas chromgbgrmass spectrometry (G®™S) has
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been used successfully to specifically identify and quantify plant hormoheghatensitivity.
For quantitative measurement of endogenous plant hormones in crude plant extraCts, HPL
MS/MS provides high sensitivity, specificity, accuracy and reproduciliBynezCadenas et
al., 2002; Durgbanslgt al.2005Chiwocha et al., 2003; Lopez-Carbonell and Jauegui, 2005;
Matsudaet al., 2005Ro0sset al., 2004; Wilbert, 1998; Zhou et al., 2003).

In the previous chapters, it was shown that salinity and drought toleraGtauafum
spp. are dependent on the internal osmoregulator content. Many studies discussed the plant
responses to stress via internal chemical signals and gregulator adjustments. However,
there is no puished information that addresses the dynamics of internal gregthator during
recovery from salinity and drought stresses. The objective of this study vess tioet change in
the concentration of the internal growth regulator under stress conditions and deoireyyen
the canmon Horned Poppy species that were available from Denver Botanic Ga&ddiasum,
G. corniculatum, G. grandiflorum and G. acutidentatums

MATERIALSAND METHODS

Data Collection. Internal growth regulatazontent of plants were assessed before applying first
treatment and at the end of the experiment.Plant growth regulator concenthéings over
time were quantified using the protocol adopted by Pan et al. (2010) and adopted Liu et al
(2013), in which a 50 mg plant material only is needed to quantify most major plant hormones by
HPLC-ESHMS/MS. This method was the best in current study since sampling was done every 2
weeks over the course of the experimértafwere collected randomly from differengiights
and sides of plants. Samples were frozen with liquid nitrogen in mortar, ground into powder
Each sample (50 mg) was transferred to 2 ml screw-cap tubes and kept in liquid nitcogen. T

each 2 ml tube containing the frozen plant materials, 50 pl of the working solution of internal
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standards was added. Also, 500 pul extraction solvent, 2-propanol/H20/concentrated HCI
(2:1:0.002, vol/vol/vol) were adddd each tube. Tubes were shaken at a speed of 100 r.p.m. for
30 min at 4 °C, then 1 ml dichloromethamasadded to each sample and shalkeradditional

30 min in a cold room at 4 °C. Samples were put into a refrigerated microcentrifugeaatd4°C
centrifuged at 13,0@0for 5 min. After centrifugation, two phases were formed with some plant
debris betweerthe two layers. About 900 ul of the solvent from the lower phase was transferred
using a Pasteur pipette into a screap vial and concentrated (not completely dry) using a
nitrogen evaporator with nitrogen flow. The samples were redissolved in 0.1 hamoket

Samples solutions (50 pl) were injected into the reverse-phase C18 Gemini HPLC column for
HPLC-ESHMS/MS analysis. The MS conditions that was used, using a 4000 QTRAP MS,
were: turbo spray; ion polarity: negative or positive; needle voltage: — 4,500V or 5,500 V; source
temperature: 500 °C; gas: nitrogen; curtain gas: 25 psi; nebulizing gas @5%ik); focusing

gas (GS2): 30 psi; interface heater: on; collision activated dissociationegasifg: medium;

scan type: MRM; Q1 resolution: unit; Q3 resolution: unit. Tuning and routine maintenathee of
4000 QTRAP liquid chromatography (LOWS/MS, as well as the specific use of the Analyst 1.5
software, was performed in accordance with the instructions in the manefactyreration
manual. To optimize the MS for quantitative analysis, authentic compounds in 50% (vol/vol)
methanol with 0.1% (vol/vol) formic acid at 0.2 ng tnbrepared by fivefold dilution of

working solutions, were directly infused into the electrospray source @laquadrupolé1S

using a syringe pump at 1.2 ml'hThe needle temperature in the 4000 QTRAPMS/MS

was 350 °C.
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Quantitative analysis of each plant hormone was performed. The molar amountd of pla
hormones in the samples were determined by calculating the ‘wonréactor’ (i.e., response
factor) of each authentic plant hormone in comparison with its corresponding irstamadrd.
Correction factors are the ratio of the signal intensity ratio of the interndesthto the
corresponding authentic plant horneoon a molder-mole basis, as determined by analysis of
the calibration standards. The molar amount of each authentic plant hormone = (sigeal of
plant hormone x the molar amount of corresponding internal standard) x (corrediop/fac
(signal of tle corresponding internal standard in that sample). The hormone amounts were then
normalized to the mass of fresh plant tissue determined by weighing befaictiert The
calibration curves for each of the plant hormones and internal standards werevereai,000-
fold concentration range with linear regression-correlation coeffeimore than 0.9. The
variations of the retention times were typically + 0.3 min. When measuring planbimesmm
relation to the mass spectral signals of correspondmtggeally labeled internal standards, the
mole-for-mole signal intensities of hormones and internal standards were nearlgatermi,
the correction factors were very close to 1.0.

Reagents and equipments setup. For exraction solvent mixture preparatior0 ul of

concentrated hydrochloric acid was added to 100 ml of 2-propanol and 50 ml of distilled H20O to
make the extraction solvent, i.e., 2-propanol: H20: concentrated HCI (2:1:0.002, vol/vol/vol).
The stock solutions were stable for about 3 months. The stock solutions of authentic plant
hormones and internal standards were prepar&d @sml ! stock solution by dissolving 2 mg

of each authentic plant hormone and internal standard (weighed in powder form) In a fina
volume of 40 ml methanol atom temperature (25 °C), then were storee@t°C. The stock

solutions were also stable for about 3 months. The working solution of internal standards wa
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prepared by combining the stock solutions of the compounds designated as internal standards
and diluting the combined stocks with methanol. The final working solution of internal standar
contains 1ug ml ! (1 ng ul ') of each internal standard compound. When 50 ul of the working

internal standard solution is added to each tissue sample, the amount of each iatetaal st

the sample is 50 ng. Working solution of authentic plant hormones was prepared by combining
the stock solutions of these compounds and diluting the mixture with methanol. The final
working solution of authentic plant hormone stasl contains 1 pg ml ! (1 ng ul ~!) of each

plant hormone. Samples were calibrateth authentic plant hormones and internal standards to
determine the ‘correction factor’ (i.e., response factor) for each autlcentigound in

comparison with its inteal standard and to assess the linearity of the analysis. For
determination of the correction factor, calibration samples containingdbneentrations (10,

100 and 500 ng mt' each of hormones and internal standards; were prepared in triplicate: (a) 10
ul each of working solutions of authentic plant hormones and internal standards plus 980 pl

methanol; (b) 100 ul each of working solutions of authentic plant hormones and internal

standards plus 800 ul methanol; and (c) 500 pul working solution of authentic plant hormones

plus 500 pl working solution of internal standards. For determination of the linearity of the

analysis, calibration samples at five concentrations (0, 1, 10, 100 and 500'riormiones

with a constant concentration of 50 ng thinternal standards;-a&) were prepared in triplicate:

(a) 50 pl of the internal standard working solution plus 950 ul methanol; (b) 1 pl of the working
solution of authentic plant hormones and 50 pl of the internal standard working solution plus 949

ul methanol; (¢) 10 pl of the working solution of the authentic plant hormones and 50 pl of the

internal standard working solution plus 940 pl methanol; (d) 100 pl of the working solution of

the authentic plant hormones and 50 pl of the internal standard working solution plus 850 ul
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methanol; and (e) 500 pl working solution of authentic plant hormones plus 50 pl of the internal
standard working solution plus 450 pl methanol. The binary solvent system used water with
0.1% (vol/vol) formic acid (A) and methanol with 0.1%®l/vol) formic acid (B) as mobile
phases.

Reversephase (RRC18) HPLCSet up an HPLC was set by setting the oven (holding
HPLC column) temperature to 40 °C and the solvent flow rate to 0.3 mt.rifine settings for
MS/MS multiple reaction monitorinMRM) should be optimized on each user’s instrument.
The MS conditions that were used, using a 4000 QTRAP MS, were as follows: source: turbo
spray; ion polarity: negative or positive; needle voltage: — 4,500V or 5,500 V; source
temperature: 500 °C; gas: nitrogen; curtain gas: 25 psi; nebulizing gas @5%ik); focusing
gas (GS2): 30 psi; interface heater: on; collision activated dissociationegasifg: medium;
scan type: MRM; Q1 resolution: unit; Q3 resolution: unit. Tuning and routine maintenathee of
4000 QTRAP liquid chromatography (LOWS/MS, as well as the specific use of the Analyst 1.5
software, is performed in accordance with the instructions in the manufesperation
manual. To optimize the MS for quantitative analysis, authentic compounds in 50% (vol/vol)
methanol with 0.1% (vol/vol) formic acid at 0.2 nginprepared by five-fold dilution of
working solutions, were directly infused into the electrospray source @l@guadrupole MS
using a syringe pump at 1.2 mt.HThe needléemperature in the 4000 QTRAP LKIS/MS was

350 °C; this would need to be optimized in other triple quadrupole MSs.

Data Analysis:
Internal growthregulator contents were analyzed on individual measurement dates to
examine the effect of different species, different grawtulatortreatment&and sampling date

during therecovery of fouiGlaciumspp from salinity and drought on internal growth regulator
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dynamics. The data of both salinity and drought were subjected to ANOVA thdesttess type
(salinity vs drought) effect. There was no significant different betweeintd@al growth
regulator data during the recovery from drought and salinity sge$terefore, data were
pooled over both of them to test the effects of recovery on the internal gegutatorcontents.
Means separation were performedPat 0.05 by Fisher's LSD test when significant differences
were found SAS Institute, 2007).
RESULTSAND DISCUSSION

Plant growth regulator are used to modify the rate or pattern of growth, or both, of its
response to the internal and external factors that govern development fromagemthrough
vegetative growth, reproductive development, maturity, and senescencegAagcisic acid
(ABA), is well known to inhibit fruit ripening, responsible for seed dormancy by inhgcell
growth, inhibits seedermination down regulateenzymeseeded for photosynthesis,
stimulates the closure of stomainhibits shoot growth but will not have as much effect on roots
or may even promote growth of roots, has some effect on induction and maintenance of
dormancy and induce oamon responses such as enhancement of plant hormones. ABA is
considered a plant stress hormone. It regulates several important aspats growth and
development. Recent studies have demonstrated a pivotal role for ABA in modulatiogext¢he
level of adaptative responses for plants in adverse environmental conditions eSs|tdstyught
stress, mechanical leedjury and wounds resulted in an increase in ABA levels. Exogenous
application of ABA was able to increase plant adaptive response to various envitaeinme
conditions. Most reports have demonstrated that the application of exogenous ABA provides

tolerance to various stress conditions. However, endogenously produced ABA may not show the
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same effects as elicited by exogenously applied hormones; and, of couslajiedrariations
may not reflect the cause.

It is logical to expect an increase in stress hormones during stress time and an increase in
other growth regulator during the recovery from stress. Comparisons of intetivadual
growth regulator content among species, grawgulatortreatments, sampling dates and their
interactions clearly showed significant differences.
Auxins. Auxins are compounds thatraulate cell elongation, stimulate cell division, stimulate
differentiation, stimulate root initiation, delégaf senescencear induce fruit setting and
growth in some plants and promotes flowering. Auxins testré Indole Acetic Acid (IAA)
and Indole Butyric Aid (IBA). During the two month course of recovery, the concentrations of
both IAA and IBA increased gradually (Figures 3.1, 3.2, 3.3, and 3.4). There was slight
significant increase overtime in IAA and IBA concentration under the contathtent over the
course of the two month recovery period. The treatmenhufl2ABA achieved the highest
increase in both IAA and IBA all tested species, followed by 20 néthephon, 2nM SA and
0.03mM fusiccocin. InG. flavum IAA increased from 40 to 60 ng /g Dwt (50%) under control
treatment, while the increase was 400, 377, 280 and 177% under the treatmenkd ABA,
20mM ethephon, 2nM SA and 0.03 Fusiccocin respectively (Fig. 3.1 top). IBA increased from
40 to 52 ng /g Dwt (30%) under control treatment, while the increase was 388, 311, 242 and
207% under the treatments ofrtM ABA, 20 mM ethephon, 2nM SA and 0.03 Fusiccin

respectively (Fig. 3.1 bottom).
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Fig. 3. 1. Effect of recovery duration on the internal contents of IAA (top) and IBA
(bottom) during the recovery @. flavumfrom salinity and drought stresses. Columns
labeled with different letters are sigodntly different aP = 0.05 for comparison among
different sampling dates within each growth regulator treatment. Columresdaii¢gh an
asterisk are significantly the highest among different treatments withirsaagbling date.
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In G. acutidentatumlAA increased from 40 to 65 ng/g Dwt (63%) under control
treatment, while the increase was 396, 346, 268 and 160% under the treatmenkd ABA,
20mM ethephon, 2nM SA and 0.03 Fusiccocin respectively (Fig. 3.2 top). IBA increased from
40 to 47 ng/g Dwt (18%) under control treatment, while the increase was 361, 277, 213 and
188% under the treatments offtM ABA, 20 mM ethephon, 2nM SA and 0.03 Fusiccocin
respectivey (Fig. 3.2 bottom). Iri5. grandiflorum IAA increased from 38 to 55 ng/g Dwt (45%)
under control treatment, while the increase was 372, 297, 224 and 105% under the treatments of
2mM ABA, 20 mM ethephon, 2nM SA and 0.03 Fusiccocin respectively (Fig. ®f). IBA
increased from 32 to 46 ng/g Dwt (44%) under control treatment, while the incraas8® Wy
309, 135 and 100% under the treatments o2 ABA, 20 mM ethephon, ZnM SA and 0.03
Fusiccocin respectively (Fig. 3.3 bottom).Gn corniculatum IAA increased from 34 to 49 ng/g
Dwt (44%) under control treatment, while the increase was 361, 340, 221 and 78% under the
treatments of 2 mMMABA, 20 mM ethephon, 2nM SA and 0.03 Fusiccocin respectively (Fig.
3.4 top). IBA increased from 31 to 41 ng/g Dwt (32%) under control treatment, while the
increase was 372, 281, 112 and 59% under the treatmentsMfABA, 20 mM ethephon, 2
mM SA and 0.03 Fusiccocin respectively (Fig. 3.4 bottom).
Gibberédllins. Gibberellins (GA) are compounds thatimulate stem elongation by stimulating
cell division and elongation, stimulab®lting/flowering in esponse to long days, stimulate
enzyme production (amylase) in germinating cereal grains for mobilization of seed reserves,
can delay senescence in leafl fruits,promote extra length and fast growth of cells between the
plant’s nodes and in tHeafand drive the plant rapidly upwards. During the two month course of
the recovery, the concentrations of §$3Acreased gradually (Figures 3.5, 3.6, 3.7 and 3.8). There

was slight significant increase overtime in §2Ancentration under the control
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Fig. 3. 2. Effect of recovery duration on the internal contents of IAA (tog) a
IBA (bottom) during the recovery @. acutidentatunirom salinity and drought
stresses. Columns labeled with different letters are significantly diffaten

P = 0.05 for comparison among different sampling dates within each growth
regulator treatment. Columns labeled with an asterisk are significhatl
highest among differetiteatments within each sampling date.
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Fig. 3. 3. Effect of recovery duration on the internal contents of IAA (top) andbB#ofm)

during the recovery db. grandiflorumfrom salinity and drought stresses. Columns labeled with
different letters arsignificantly different aP = 0.05 for comparison among different sampling
dates within each growth regulator treatment. Columns labeled with an aaterg@gnificantly

the highest among different treatments within each sampling date.
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Fig. 3. 4. Effect of recovery duration on the internal contents of IAA (top)
and IBA (bottom) during the recovery Gf. corniculatunfrom salinity and
drought stresses. Columns labeled with different letters are signficant
different atP = 0.05 for comparison among different sampling dates within
each growth regulator treatment. Columns labeled with an asterisk are
significantly the highest among different treatments within each sangsieg

treatment over the course of the two month recovery period. The treatmentbABA
achieved the highest increase in {dfall tested species, followed by &M ethephon, 2nM
SA and 0.03nM fusiccocin. InG. flavum GAs increased from 1.0 to 2.2 ng/g Dwt (120%)

undercontrol treatment, whilehe increase was 2445,1900, 1567 and 1500% under the
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treatments of 2 mMM\BA, 20 mM ethephon, 2nM SA and 0.03 Fusiccocin respectively (Fig.
3.5). InG. acutidentatumGAgz increased from 0.9 to 2 ng /g Dwt (122%) under control
treatment, while the increase was 2300, 1800, 1316 and 1233% under the treatmeiis of 2

ABA, 20 mM ethephon,

oControl
Gibberellic acid (GA) . m2 MM ABA
=2 mM SA
=0.03 mM FC
m20 mM E

30 ~

GA (ng /g D wt)
= ) N
ol o ol

[y
o
1

d®© €ee
0 - =

Sampling duration (weeks)

Fig. 3. 5. Effect of recovery duration on the internal contengsbotrellic acid (GA)

during the recovery db. flavumfrom salinity and drought stresses. Columns

labeled with different letters are significantly differenPat 0.05 for comparison

among different sampling dates within each growth regulator treatment. Columns

labeled with an asterisk are sificantly the highest among different treatments

within each sampling date.

2mM SA and 0.03 Fusiccocin respectively (Fig. 3.6)Glrgrandiflorum GAgz increased from

0.7 to 1.6 ng/g Dwt (129%) under control treatment, while the increase was 2000, 1566, 1344
and 1150% under the treatments ah ABA, 20 mM ethephon, 2nM SA and 0.03

Fusiccocin respectively (Fig. 3.7). @ corniculatum GAz increasedrbm 0.6 to 0.9 ng/g Dwt

(50%) under control treatment, while the increase was 1890, 1471, 1043 and 650% under the
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treatments of 2 mMMABA, 20 mM ethephon, 2nM SA and 0.03 Fusiccocin respectively (Fig.
3.8).

Cytokinins. Cytokinins stimulatesell division, morphogenesis, the growth of lateral buds-
release of apical dominance, leaf expansion resulting from cell enlargententagrenhance
stomatal opening in some species and promotes the conversion of etioplasts into skdori@pla
stimulation of chlorophyll synthesis. We tested zeatin as a representatytekihins. During

recovery, the concentrations of zeatin increased gradually in all testeessffeégures 3.9, 3.10,

& Control

Gibberellic acid (GA)

m2 mM ABA
30 &2 mM SA
E20.03 mM FC
o5 a =20 mM E
B
020
(@]
)
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515 c
10
5
0 R

Sampling duration (weeks)

Fig. 3. 6. Effect of recovery duration on the internal conten@Gilaberellicacid (GA)
during the recovery db. acutidentatunfrom salinity and drought stresses. Columns
labeled with different letters are significantly differenPat 0.05 for comparison
among different sampling dates within each growth regulator treatment. Columns
labeled with an asterisk are significantly the highest among different &etsm
within each sampling date.

3.11 and 3.12). Zeatin concentration increased slightly overtime under the controlriteatme

during recovery period. The treatment ah®1 ABA achieved the highest increase in zemtin
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all tested species, followed by &M ethephon, 2nM SA and 0.03nM fusiccocin. The highest
increase was i. flavum where zeatin increased from 8.0 to 29.0 ng/g Dwt (263%) under

control treatment, while the increase was 2422, 2196, 2050 and 1174% under the treatments of 2
mM ABA, 20 mM ethephon, 2nM SA and 0.03 Fusiccocin respectively (Fig. 3.9)GIn
acutidentatumzeatin increased from 8 to 25 ng/g Dwt (213%) under control treatment, while the
increase was 2244, 2077, 1900 and 1072% under the treatmemmevbABA, 20 mM

ethephon, 2nM SA and 0.03 Fusiccocin respectively (Fig. 3.10)GImgrandiflorum zeatin

increased from 6.0 to 22.0 ng/g Dwt (267%) under control treatment, while the incrsase wa

2329, 2069, 1546
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Fig. 3. 7. Effect of recovery duration on the internal contentsbotrellic acid (GA)
during the recovery db. grandiflorafrom salinity and drought stresses. Columns
labeled with different letters are significantly differenPat 0.05 for comparison
among different sampling dates within each growth regulator treatment. Columns
labeled with an asterisk are significantly the highest amdfegeht treatments

within each sampling date.
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and 957% under the treatments oh® ABA, 20 mM ethephon, 2nM SA and 0.03 Fusiccocin
respectively (Fig. 3.11). Zeatin increasedsincorniculatumfrom 5 to 18 ng/g Dwt (260%)

under control treatment, while the increase was 2617, 1977, 1423 and 843% under the treatments
of 2mM ABA, 20 mM ethephon, 2nM SA and 0.03 Fusiccocin respectively (Fig. 3.12).

Internal salicylic acid (SA) dynamics. SA enhances cell division and plant growth indirectly by
prohibiting auxin and cytokinin losses in plants. During recovery, the concentrations of SA
increased gradually (Figures 3.13, 3.14, 3.15 and 3.16). Even under control treatmenggshere w

a slight increasen SA content. The treatment oh2V ABA achieved the highest increase in SA

in all tested species, followed by &M ethephon, 0.081M Fusiccocin and taM SA. InG.

flavum SA increased from 0.4 to 0.9 ng/g Dwt (125%) under control treatment, while the

increase was 720,600, 533 and 300% under the treatmentsMfABA, 20 mM ethephon, 0.03
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Fig. 3. 8. Effect of recovery duration on the internal contentsbotrellic acid (GA)
during the recovery db. corniculatunfrom salinity and drought stresses. Columns
labeled with different letters are significantly differenPat 0.05 for comparison
among different sampling dates within each growth regulator treatment. Columns
labeled with an asterisk are significantigthighest among different treatments
within each sampling date.
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Fusiccocin and .nM SA respectively (Fig. 3.13). I8. acutidentatum20mM ethephon

treatment was more effective tham®1 ABA that had similar effect to 0.03 Fusiccocin. Internal

SA content increased from 0.4 to 0.8 ng/g Dwt (100%) under control treatment, while the
increase was 650, 600, 600 and 300% under the treatmentsndfl 26hephon, 2nM ABA,

0.03 Fusiccocin, andraM SA respectively (Fig. 3.14). I3. grandiflorum SA increased ém

0.3 to 0.6 ng/g Dwt (100%) under control treatment, while the increase was 700, 500, 433 and
200% under the treatments offtM ABA, 20 mM ethephon, 2nM SA and 0.03 Fusiccocin
respectively (Fig. 3.15). I&. corniculatum SA increased from 0.2 to 0.5 ng/g Dwt (150%)

under control treatment, while the increase was 867, 500, 233 and 50% under the treatments of 2

mM ABA, 20 mM ethephon, 2nM SA and 0.03 Fusiccin respectively (Fig. 3.16).
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Fig. 3. 9. Effect of recovery duration on the internal contentsaihduring the recovery
of G. flavumfrom salinity and drought stresses. Columns labeled with different leteers a
significantly different aP = 0.05 for comparison among different sampling dates within
each growth regulator treatment. Columns labeled with an asterisk afearglhy the
highest among different treatments within each sampling date.
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Internal abscisic acid (ABA) dynamics. It is well known that endogenous ABA content
increased rapidly under stress conditions and improves stress tolerance irplantsthe

course of the recovery, the concentrations of the internal ABA decreasedllgré€igares 3.17,
3.18, 3.19 and 3.20lnder the control treatment, there was a slight significant decrease
overtime in ABAconcentration during the recovery period. The treatmenno12ABA

achieved the highest decrease in ABAll tested species, followed by @M ethephon, 2nM

SA and 0.03nM fusiccocin. InG. flavum ABA decreased from 2.6 to 1.4 ng/g DwA§-%)

under control treatment, while the decrease88s85, -76 and -68% under the treatments of 2
mM ABA, 20 mM ethephon, 2nM SA and 0.03 Fusiccocin respectively (Fig. 3.17)GIn
acutidentatumABA decreased from 2.7 to 1.6 ng/g Dwt (-41%) under control treatment, while
the decrease wag9, -78, -67 and -62 under the treatments iwi\2 ABA, 20 mM ethephon, 2

mM SA and 0.03 Fusiccocin respectively (Fig. 3.18)GImgrandiflorum ABA decreased from
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Fig. 3. 10. Effect of recovery duration on the internal contents of Zeatimgdiinerecovery

of G. acutidentatunfrom salinity and drought stresses. Columns labeleddifitbrent letters
are significantly different & = 0.05 for comparison among different sampling dates within
each growth regulator treatment. Columns labeled with an asterisk afecaighi the highest
among different treatments within each sampling date.
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2.8 t0 1.1 ng/g Dwt (129%) under contra@dtment, while the decrease wég, -68, -58 and -
50% under the treatments ofiVl ABA, 20 mM ethephon, 2nM SA and 0.03 Fusiccocin
respectively (Fig. 3.19). I&. corniculatum ABA decreased from 3 to 1.6 ng/g DwA1%)

under control treatment, whiledldecrease wa82, -78, -72 and -66% under the treatments of 2

mM ABA, 20 mM ethephon, 2nM SA and 0.03 Fusiccocin respectively (Fig. 3.20).
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Fig. 3. 11. Effect of recovery duration on the internal contents of Zeatimgchine
recovery ofG. grandiforum from salinity and drought stresses. Columns labeled with
different letters are significantly differentRt= 0.05 for comparison among different
sampling dates within each growth regulator treatment. Columns labelednwith
asteriskare significantly the highest among different treatments within each

sampling date.
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Fig. 3. 12. Effect of recovery duration on the internal contents of Zeatimgchingé recovery o6.
corniculatumfrom salinity and drought stresses. Columns labeled with different lateessgnificantly
different atP = 0.05 for comparison among different sampling dates within each growthtoegula
treatment. Columns labeled with an asterisk are significantljiglest among different treatments

within each sampling date.
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Fig. 3. 13. Effect of recovery duration on the internal contents of Salagil (SA)
during the recovery db. flavumfrom salinity and drought stresses. Columns
labeledwith different letters are significantly differentRt= 0.05 for comparison
among different sampling dates within each growth regulator treat@efumns
labeled with an asterisk are significantly the highest among different &etstm
within each ampling date.
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Fig. 3. 14. Effect of recovery duration on the internal contents of Salagid (SA)
during the recovery db. acutidentatunfrom salinity and drought stresses. Columns
labeled with different letters are significantlyfdrent atP = 0.05 for comparison
among different sampling dates within each growth regulator treat@efumns
labeled with an asterisk are significantly the highest among diffegaibients

within each sampling date.
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Fig. 3. 15 Effect of recovery duration on the internal contents of Salicylic 49
during the recovery db. grandiflorumfrom salinity and drought stresses. Columns
labeled with different letters are significantly differenPat 0.05 for comparison
among different sampling dates within each growth regulator treat@elimns
labeled with an asterisk are significantly the highest among different &etstm

within each sampling date.

91



= N w
ol N ol w (¢)]
1 1 1 1 J

SA (ng/ g D wt)

[EnY
I

Salicylic acid (SA)

e O

Sampling duration (weeks)

= Control

m2 mM ABA
B2 mM SA
B20.03 mM FC
=mM20 mM E

Fig. 3. 16. Effect of recovery duration on the integwitents of Salicylic acid (SA)
during the recovery db. corniculatumfrom salinity and drought stresses. Columns
labeled with different letters are significantly differenPat 0.05 for comparison
among different sampling dates within each growtjulaor treatment. Columns
labeled with an asterisk are significantly the highest among diffegatbients

within each sampling date.
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Fig. 3. 17. Effect of recovery duration on the internal contents of Absaigld ABA)
duringthe recovery o6. flavumfrom salinity and drought stresses. Columns
labeled with different letters are significantly differenPat 0.05 for comparison
among different sampling dates within each growth regulator treat@efumns
labeledwith an asterisk are significantly the highest among different treasment
within each sampling date.
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Fig. 3. 18. Effect of recovery duration on the internal contents of Absaigld ABA)
during the recovery db. acutidentatunfrom salnity and drought stresses. Columns
labeled with different letters are significantly differenPat 0.05 for comparison
among different sampling dates within each growth regulator treat@efumns
labeledwith an asterisk are significantly the highest among different treatments
within each sampling date.

94



R Control

Abscisic acid (ABA)

m2 mM ABA

3 B2 mM SA
20.03 mM FC

2.5 =20 mM E

ABA (ng /g D wt)
[E=Y
[ %]

o
o

Sampling duration (weeks)

Fig. 3. 19. Effect of recovery duration on the internal contents of Absaigld ABA)
during the recovery db. grandiflorumfrom salirity and drought stresses. Columns
labeled with different letters are significantly differenPat 0.05 for comparison
among different sampling dates within each growth regulator treatmeomg@®l
labeled with an asterisk are significantly the higla@song different treatments
within each sampling date.
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Fig. 3. 20. Effect of recovery duration on the internal contents of Absaikld ABA)
during the recovery db. corniculatumfrom salinity and drought stresses. Columns
labeledwith different letters are significantly differentRt= 0.05 for comparison
among different sampling dates within each growth regulator treat@elimns
labeled with an asterisk are significantly the highest among different ametstm
within each ampling date.

Exogenous application of plant growth regulator or fertilizers is considelieduce
abiotic stress tolerance in some plants (Khan et al., 2006; Waseem et al., 2006 &taindi
Shaddad, 2010). Plants exposed to environmental stressesccamulate various metabolites to
cope with the stressed conditions. Again, protection against drought is provided hbyvABA
is accepted as a major phytohormdme participates in the responses of plants to abiotic
stresses (Mahajan and Tuteja, 20@gmotic stress raised the content of ABA inldsd of
maize seedhgs, while other growth homone types went down in their concentrations and
activities. As expected, at favorable conditions, recovery from stress toekgnlddhormone
concentrations started to change to cope with the newly required biologidabifisrend needs.

Many studies showed that endogenous ABA content increased rapidly under water stress

which improved drought tolerance in plants (Zhang et al., 2006). Th®falbscisic acid in
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stress physiology has received much attention, and there is now considerabieesxpe
evidence that the physiological effects induced by salinity might be modulage84 It has
been shown that saline stress is accompanied lcesased in ABA content (Aspinall and
Paleg, 1981). In additiof®. vulgarisplants adapted to salinity had ABA concentrations
substantially higher than those in non-adapted plants (Montero et al., 1998). An exogenous ABA
treatment reduces leaf abscission and increases salt tolerance in citrus planez@odenas
et al., 2002), but it also decreases total biomass and increases the root to shoot rao in popl
species (Yin et al., 2004). Abscisic acid (ABA) selectively affects iorsp@n processgyan
Steveninck, 1976). ABA appears to increase the permeability of roots to water ahitbito i
excretion of ions into the xylem but not to affect uptake of ions by the root. The\effexss of
ABA may depend on eimonmental factors such as temperat(Pitman et al., 1974; Pitman and
Wellfare, 1978). Khadri et al. (2007) suggested that ABA application improvesgphense of
Phaseolus vulgarisymbiosis under saline stress conditions, including the nitrogen fixation
process and enzymes ahmonium assimilation and purine catabolism. The exogenous
application of ABA caused an alteration of Zeatin Riboside (ZR) content in lucerae und
different stress conditions (Dobeaal, 2010).

Salicylicacid prohibits auxin and cytokinin loss in plants and thus enhances cell division
and plant growth. SA keeps photosynthetic aspects like chlorophyll content, at propendevel a
thus helps plants to well growth and develop (Hayat.,2010). Morphological characteristics
like leaf area, plant height, root and shoot dry weight, biomass, flower number antediance
primary and secondary shoot numbers enhanced by applying SA under drought condition
(Martin-Mexand and Larqué-Saavedra, 2005). Applying foliar spray of SA resulted irr highe

root and shoot fresh weight, root and shoot dry weight, stem diameter and leaf number of
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cucumber (Yildirimet al.,2008) and maizd\loussaand Khodary, 2003) under saline

conditions. Stem diameter, biomass, plant heightieaithumber of cucumber enhanced using
SA at drought condition (Bayat al.,2012). SA regulate plant growth and cell division via other
hormones like auxin, cytokinin, gibberellin and ABA. SA results in higher cell division i
meristems and enhances rootggn(Shakiroveet al.,2007). Salicylic acid controls
photosynthesis system, photosynthesis amount, pigment content and stomatal conductivity and
regulates these procedures for appropriate growth and development (Bbab)2009, Steven
et al.,2006, El-Tayeb, 2005, Kormka al.,2007).

Jung and Luttge (1980) mentioned that Fusicoccin (FC) inhibited net excretion of Cl by
the glands of the pitchers of the carnivorous pNepenthes hookerianaf Na™ and Cl by the
salt glands of the halophytesnonium vulgareandL. pectinatumand of K in the nectar oAcer
platanoidedlowers. It is suggested that the effects of FC and ABA on ion excretioniy gla
cells could be reconciled with literature showing-&tnulation and possible ABAhibition of
proton pumps at the plasmatena of plant cellsFusicoccin was initially suggested to activate
the plasma membrane fATPase by direct interaction with the enzyriva(re, 1979. Later,
fusicoccin was demonstrated to bind to a “receptor” belonging to a certalgy tdmroteins.
(KorthoutanddeBoer,1994;Marraetal., 1994;0eckingetal., 1994. FC and ABA have
antage nistic effects on movements of stomatal guard cells. FC causeatattmopen and
prevents closure; this is probably due to enhanceekiusion from the guard cells (Marré,
1979), which then affects malate antaccumulation, thus providing the basis for turgor
increase and stomatal opening at least in some casehk@a$976, 1977; Hsiao, 1976).
Moreover, Clint & Blatt (1989) indicated that the fusicoccin-induced increase imflikix

should be attributed to energigked transport, and this would predict cytoplasmic acidification
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by fusicoccin inVicia, with consequent inhibition of the efflux at the plasmate. It is also
worth noting that comparison of the effects of fusicoccin on cation and anion infllx in
comnunis suggests malate rather than chloride as the balancing anion in the stimulated inf
(Clint, 1987).

Bayat et al. (2012) evaluated the effects of SA on growth and ornamentattehiatics
of Persian petunia under salt stress and concluded that foliar application opf&#&echgrowth
and ornamental characteristics of Persian petunia under saline and nonesalitierts.
Salicylicacid controls photosynthesis system, photosynthesis amount, pigment content and
stomatal conductivity and regulates these procedures for appropriaté grovtievelopment
(Popoveet al.,2009, Stevert al.,2006, El-Tayeb, 2005, Kormka al.,2007).

Ethylene is known to stimulate the release of dormancy, stimulates shoot and rdbt grow
and differentiation, stimulates flower induction, stimulates flower opening aychave a role
in adventitious root formation. Environmental stresses, such as cold, heat, salinity, and, drou
induce ethylene production and oxidative stress and cause damage in plants. E2hylene i
produced either chemically through the incomplete combustion of hydrocarbons or hitfogic
by almost all living organisms (Wang et al. 2002). There is a lot of evidence shoating th
ethylene is an essential component of a wide range of responses to biotic and abiotic
environmental stresses Wang et al. 2002, Guo and Ecker 2004, El-Tayeb 2005). Further, many of
these stress responses integrétglene signaling into more complex circuitry involving
salicylate and jasmonate signaling (Wang et al. 2002). The effects oinetloylglants are
regulated both at the level of its synthesis and perception of the hormone (Wang et al. 2002).
Tirani et al (2013) studied the effects of ethylene on chlorophyll (Chl), carotenoid (Car),

anthocyanin, flavonoids, ascorbic acid, dehydroascorbic acid, total ascorbdtpetmxidation,
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and ethylene production leaf of canola pretreated with SA. Their results showed that the
ethylene treatments induced lipid peroxidation, lowered significantly Chl aratéboids
contents and anthocyanin accumulation.

In conclusion, during stress, internal ABA accumulation was evident to cope nggh st
conditions. During recovery, when the circumstances were favorable for gromghgobdups of
growthregulatorthat are needed for accelerated cell division, enlargement and growth such as

auxins, gibberellins, and cytokinnins were abundant, and stress signal hormonesig@idsape
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