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I Summary

Changes in global climate and the non-stop incremdemographic pressure have provoked a stronger
demand for agronomic resources at a time where $aitdble for agriculture is becoming a rare
commodity. They have also generated a number ofialsitresses which exacerbate effects of diseases
and pests and result in physiological and metaloiidiorders that ultimately impact on yield when and
where it is most needed. Therefore, a major séierdind agronomic challenge today is that of
understanding and countering the impact of stresgadd. In this respecin vitro biotechnology would

be an efficient and feasible breeding alternatpagticularly now that the genetic and genomic tools
needed to unravel the mechanisms underlying theisitign of tolerance to stress have become
available. Legumes in general play a central mla sustainable agriculture due to their capaoity t
symbiotically fix the atmospheric nitrogen, therebyucing the need for fertilizers. They also preaiu
grains that are rich in protein and thus are ingmdras food and feed. However, they also suffanfro
abiotic stresses in general and osmotic stressalirdty in particular. This chapter provides aaied
overview of the methods employed farvitro selection in the model legunvedicago truncatuldor

the generation of novel germplasm capable of iagiaCl and PEG-induced osmotic stress. We also
address the understanding of the genetic detenimimat the acquisition of stress resistance, which
differs between NaCl and PEG. Thus, the expressfogenes linked to growthWEEY), in vitro
embryogenesisSERNK, salt toleranceS0OS) proline synthesisR5CS and ploidy level and cell cycle
(CCS52andWEEY was up-regulated under NaCl-stress, while un@« Beatment the expression of
MIWEE1andMtCCS52was significantly increased but no significanfeliénces were observed in the
expression of geneMtSERK1 and MtP5CS and MtSCS1 was down-regulated. A number of
morphological and physiological traits relevantre acquisition of stress resistance were alssssde

and methods used to do so are also detailed.
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1. Introduction

Given its agroecological relevance (Medicago truncatulahas been the object of many
biotechnology studies (2-7), including on the gatien of novel germplasm capable of
tolerating salinity followingin vitro selection with a step-up recurrent strategy (84 af
osmotic stress tolerance after selection on PE® (@0

M. truncatulagrows in a wide range of habitats with varyingiemvmental stress notably
soil salinity and drought (10, 11), to which itniere tolerant than other legume crops such as
pea, bean and soybean (12-15). Moreover, it incladiarge diversity of ecotypes useful for
exploring the molecular bases of environmental tdegm mechanisms. In addition, genetic
tools are available to identify genes that coulgrove abiotic stress tolerance offering a range
of approaches for exploiting such variability (1®)spite of this, previous studies particularly
on water stress resistanceNh truncatulamostly concerned gene transfer (5, 7, 17), while
assessment of the physiological responses (18)thaid genetic mechanisms (10) is more

limited.

2. When salinity isthe problem

Salinity is typically caused by sodium chloride @aawlated in the soil top-layers (19, 20)
where the electrical conductivity (EC) is 1.30 mM/tor more at 40 mM NacCl, and this is a
salt level that dramatically decreases productigftynany crop$21-24).

Salt tolerant ecotypes exist in different spedned have developed mechanisms to control
salt accumulation (e.g. exclusion, vacuolar seqatsh or control of sodium transport) by
selecting other ions normally present in the sbibwer levels, such as potassium*(kand
nitrate (NQ), but compatible with plant growth (25). Such megisms are not easily switched
on by the plant, and high NaCl levels 40mM) may generate an imbalance of cellular ions

provoking toxicity and/or osmotic stress. This ffesin increased reactive oxygen species



coupled with reduced photosynthesis (26), whichioaime result in whole plant death (27,
28, 29).

A typical feature of the acquisition of physiologid¢olerance to salt and osmotic stress is
an increased endogenous content of osmolytes ingudoluble sugars, proline and
glycinebetaine (30, 31), which play an adaptive inlmediating osmotic adjustment to protect
subcellular structures via the exclusion or vacuskquestration of Naons (20). In many
plants, a positive correlation has been observégdasn the accumulation of glycinebetaine
and proline, and stress tolerance (20, 32, 333rdstingly, usindv. truncatulanodules, Aydi
et al. (34) also found that salt stress toleranae eorrelated to nodule osmotic adjustment due
to Na' sequestration and an accumulation of soluble suayaat amino acids, and coupled with
an adequate nitrogen metabolism due to a high mging synthetase activity. Plant cells
accumulate osmolytes including water soluble caybdtes and proline to combat water loss
in response to salt stress (41). The increaseolmpris driven by induction of the P5CS gene
that encodes\1-pyrroline -5-carboxylate synthetase, involvedpioline biosynthesis (35).
P5CS is highly expressed in salt-and drought-tatepéant species (36, 37), and also aiter
vitro selection of tissues on media with high NaCl cot#48, 38).

Phenotypic changes that can enable salt tolerdsoeireclude a modification of plasma
membrane permeability through a differential lipghtent whereby NaCl uptake is controlled,
proteins stabilised and cell antioxidant capaciifiasaced (39, 40, 41). In this context, plant
ecotypes able to tolerate 100 mM NaCl or more caur@ulate NaCl in vacuoles or exclude
Na’ (20, 42). TheSALT OVERLY SENSITIMBOS gene family is important in maintaining
ion homeostasis (43, 44) and conferring salt tolegaas recently reported Arabidopsis
thaliana wheresosl sos2andsos3mutants were hypersensitive to 60 or 120 mM Naith w
root growth strongly suppressed compared to thd type (45). This was mainly due to the

fact thatSOSlencodes a membrane bound antiporter that is reeguley theSOS23 kinase



complex. The effect of over-expressionRFCSandSOS1genes on inducing tolerance seems
however to be species-specific and, within the tplaelated to a particular stage of
development.

A recent transcriptional profiling of roots ®f. truncatulaunder 180 mM NaCl using
microarrays identified transcription factétCBF4, a member of thAP2-EREBRranscription
factor family, as playing an important role betwegmmary and secondary metabolism
pathways in response to salt stress and may thagbed candidate gene to obtain salt tolerant

plants (46).

3. When the problem iswater shortage or osmotic stress

Osmotic stress, frequently equated to water dedicdrought, is defined as an absence of
the adequate moisture needed for a plant to grawcamplete its life cycle normally (47). The
three main mechanisms that enable plants to witdstamotic stress are escape, avoidance and
tolerance (48-50), but water stress may also plét physiology, whereby plants acclimate to
withstand drier conditions by mitigating osmoticess through the production of osmolytes
such as proline, and soluble sugars to protect eglinst osmotic perturbation (8, 36, 51-53).
On the other hand, water potential induces morghodd variation in stressed tissues at the
cellular level, and particularly in terms of cellape and size (54, 55) as recently shown in
osmotic stress resistant cellshdf truncatula(9).

Plants respond to abiotic stress by altering th@ession of scores of genes resulting in
many cellular and physiological modifications (5, 57), but information about the effect on
cell cycle genes for plants exposed to high NaGbarsmotic stress remains more limited (8,
9, 58-61).

In ArabidopsisWEE1which is a negative regulator of mitosis (62),ti®isgly expressed

in response to abiotic stress (58), but not ircthrgext of salinity or drought, while we recently



showed that iM. truncatulathe expression aVEE1lis dramatically increased both by NacCl
(8) and osmotic stress (9). West et al. (63) hadvshthat the effects of salt stress on growth
are mediated by effects on cell division and, meeently, Skirycz et al. (64) showed that
endoreduplication is also associated with osmatess in Arabidopsis. Taken together, there
is increasing evidence for a central role o\ W#eE 1gene in association with endoreduplication
(65- 67), as well as its strong expression when DINA replication and DNA damage
checkpoints are invoked (58), and in response itttialstresses such as salinity and osmolarity
(8, 9). Likewise, another key marker for endoredgtion isCCS52(cell cycle switch) (68);
whose expression iMedicago sativawas enhanced in differentiating cells undergoing
endoreduplication (69). In this context, the stadieElmaghrabi et al. an vitro selection for
salt (8) and osmotic stress tolerance (9) showatlthie acquisition of tolerance was coupled
with the onset of endoreduplication and a concamitacreased expression level ©€S52

too.

4. Contribution of in vitro biotechnology tools to selection for NaCl and

osmotic stresstolerance

In vitro culture is a very powerful tool for the study ¢émt development. Given the potential
regeneration of plants from cells, tissues, or wsgaultured under suitable media, it can
therefore be used also fam vitro selection to improve abiotic stress tolerance.nfFr@
fundamental perspectivén vitro selection can also be used to unravel the meahés)is
underlying the acquisition of stress tolerance ¢tedippo other tools as described above. The
first in vitro plant regeneration strategy ff. truncatulawas based on indirect somatic
embryogenesis from callus tissues (70), and waeedlter followed by many protocols
inducing indirect somatic embryogenesis from a eawfgexplants including leaves, hypocotyls,

cotyledons, petioles and flower parts (71-74). Btisomatic embryogenesis . truncatula



has been achieved in both liquid and solid meda79).

It is well known today that during vitro culture some tissues may exhibit somaclonal
variation (a random, non-directed, non-controllediation of regenerating cells and/or callus
sectors; 80), even when the objective may have tieeproduction of true-to-type regenerated
plants. This apparent defect can be turned int@daantage by exploiting it in termsiafvitro
selection by culturing tissues on media includibgptic stress-inducing factors. This can in
turn be used for fundamental studies to probe nmesims induced by abiotic stresses or for
applied research in providing new salt and drouggiérant germplasm, provided the
regeneration capacity is maintained. Somaclonatran is characterised by changes in ploidy
level and DNA sequence, coupled with movement ahdposable elements to other
chromosomal sites and also including epigenetimgbs, such as DNA methylation and
histone modification (81). Abiotic factors (droughkalinity, extreme temperatures) can induce
both somaclonal and epigenetic changes when apphediong culture periods as used ifor
vitro selection protocols (82-84).

Tissues and plants resistant to salinity have bbgsined aftem vitro culture on selection
media for many years in species as wide apartes\c{85, 86), potato (87) @oysiamatrella
L. (88) among many others but the fundamental n@sh@a underlying the acquisition of
salinity tolerance often remained partially unexmpda. This was likely due to the fact that the
extent and range of DNA instability vitro depends on many abiotic factors, among which the
age of cell cultures, the genotype studied, the tfexplants, the hormonal composition of the
medium, and the type of exogenous abiotic factdeddo induce (physical and/or chemical)
stress. However, literature am vitro selection for salt resistance has addressed thdace
mechanisms involved in salt tolerance (19, 85,39, and also the genetic determinism of
acquisition of resistance to salinity (8, 37, 43, 63) by using selected NaCl-tolerant cell lines

as study systems. Several reports also examinexhalive ways to exploit stregs vitro to



characterize the biology and genetic diversityhef @arly stages of plantlet growth (33, 87, 91-
97), and the effects of salinity stress on plantphology have also been extensively studied
(26, 31, 33, 98-99). However, for example, cellidardies mainly focused on the effects of
abiotic stresses on cell size (100) until recendliss on the effects on cell morphometry of
NaCl and osmotic stress in resistant cellMotruncatula(8, 9). In this context and as a direct
consequence of this lack of detailed analysis, soihtlee apparently resistant tissues obtained
were only acclimated (101) followed by physiologiadaptation to the stress induced, but not
truly resistant. Thus the trait would not be hdrigéaunless a recurrent selection strategy,
encompassing back and forth passages from a stression-stress condition, was applied
(102). Such a strategy results in a progressivelanent of the selected cell population in
stress resistant cells facilitated by a re-programgrof gene expression pattern responses to the
stress, e.g. receptor kinases (103, 104), trarsmrigactors (105), enzymes and structural
proteins with a central physiological and metabaobte under stress (80). Such recurrent
selection strategies can be direct (where the maximesistance level aimed for is added to the
culture medium from the start (102), or indirectemn tissues are successively transferred to
increasing concentrations of the stress-inducimtpfauntil the level of resistance sought is
reached (8). As mentioned above, exposure to iagrgdNacCl levels through acclimation may
result in long-term tolerance of cells/tissuesdbngty (88, 106, 107) and water stress (108).
Increases in both embryogenic and organogenichHue also been achieved by acclimation
(87, 89, 109, 110), even if best conditionsifovitro embryogenesis are highly species specific
in terms of both medium and explant (87,111). Tloeee a useful marker for embryogenic
callus is theSERK(SOMATIC EMBRYOGENESIS RECEPTOR KINAGthe (103, 112) a
key gene required for somatic embryogenesis andg&bapression in rice, was up-regulated
in embryogenic calli (113)SERKwas also recently found to be up-regulated foliayvi

selection for NaCl tolerandg vitro in M. truncatula(8).



Likewise, water stress tolerant cell lines haventssdectedh vitro and resistant plants were
recovered in crops like alfalfa, tomato, soybeard wheat (114-116). Most frequently, the
stress-agent used was PEG 6000 (85, 115, 117whif)e adsorbant features imposes on cells
and tissues the same or comparable effects to tmamed by drying soil at the sampe but
generally without any other associated detrimegififelcts (119). Note however that PEG 6000
was also reported to induce DNA damageironitro plantlets (120) and seeds (121)\of
truncatula Thus, PEG 6000 imitates soil water shortage (d22)also increases total soluble
sugars (9, 123), while stimulating somatic embrymggsin vitro (124, 125), including ifM.

truncatula(9).

5. Protocolsfor in vitro plant regeneration in M. truncatula.

In M. truncatulg the most frequently used and most successfulumedomponents for the
induction and maintenance of somatic embryogeragsisarious combinations of auxins such
as 2,4-D (2,4-D, dichlorophenoxyacetic acid), NA&;naphthalenacetic acid) or Picloram
with either BAP (6-benzylaminopurine) or kinetin agtokinins (70, 73, 126, 127) as
summarized in Table 1.

The synthetic auxin, 2,4-D is known to generatdusafor indirect embryogenesis in
legumes and patrticularly in Medicago species (728, 1129), with a clear dose-response
mechanism in action whereby the optimum concewoimator somatic embryo induction is
highly species- and genotype-specific (2, 130)faksas NAA is concerned, its importance is
mostly for the induction of callus formation rathiian for the differentiation of somatic
embryos, although it also proved successful intbgpect with botM. truncatula(70) and\.
polymorpha(131). Production of callus tissue followed by eyabformation has been achieved
in M. truncatula on solid medium supplemented with the cytokininAFPB (6-

benzylaminopurine) (73). However, induction of sti;mambryogenesis by a single cytokinin



is relatively rare with legumes, and sequencesiiérdnt cytokinins (e.g. BAP, Kinetin,
Thidiazuron) are often required (111, 132). The enolar processes activated during the
induction and development of embryogenesis arepstdrly understood. However, recently,
the SERKgene fromM. truncatula(MtSERK) has been cloned and its expression evaluated
on defined culture media. (74, 104). Its expressatrongly linked to somatic embryogenesis.

Lowering or a complete removal of auxin is a ketydmbryo development and maturation
beyond the globular stage M. truncatula(73, 75-79). In addition, moderate reductions in
cytokinin levels are sometimes also useful for amrad progress of embryogenesisvitro (71,
76). Moreover, a total removal of phytohormonesrirthe culture medium is often the only
way to enable somatic embryos to convert into asbplantlet (2, 79), and the stage of embryo
maturation at which auxins are removed is alsacatitor its subsequent development (71, 79).
Last but not leastn vitro cultures in general, and those of recalcitrantigselike legumes in
particular, tend to lose regeneration competendbesage (2, 88, 111), and this may have
dramatic effects on the efficiency of long-termvitro selection studies on callus and cell
suspension cultures, as the subsequent regeneoafitemts from the tolerant tissues might be
impaired.

6. Protocolsfor in vitro selection for abiotic stressin M. truncatula.

6.1. Callusand cell suspension culture initiation and maintenance

In two recent articles, EImaghrabi et al. repoqestocols useful for then vitro selection
of NaCl-induced salinity (8) and PEG 6000-inducsdhotic stress (9) witM. truncatulaand
the procedures employed are described and discbstaa.

For both protocols, a recurrent selection strategg adopted, wheril. truncatulacv.
Jemalong line (A17) (2n=2x=16, 1C value = 0.48\pg}¥ used as the source of material.

As in anyin vitro selection study, the first step was the optimaratf the composition of

culture conditions required for the induction oflea tissues and also for the initiation and
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maintenance of cell suspension cultures from satthsc This entailed a number of preliminary
assessments to identify the best original explantce, basal salts mixture and hormonal
composition of the culture medium and light and genature regimes. During such tests,
hypocotyls, cotyledons and green leaves from asaftigerminated seedlings were compared
as explant sources, all being wounded with a stalparder to ensure contact of the explant
tissue with the culture medium, and they were cattuon four different media all based on
Murashige & Skoog (133) salts formula, with suppbents as detailed in Table 2.

For culture, multi-well 5 X 5 dishes with 2 mL ofedium per well were used, providing
25 replicates for each treatment (medium and expland all experiments were repeated twice.
Dishes were kept at 24/22 C°, in the dark or uad®&6/8 h (light/dark) photoperiodic regime
of 90 umol m?s* from warm white fluorescent tubes for initiatiohaoallus proliferation. After
four weeks, explants were sub-cultured on the flifferent media and the frequency of callus
initiation assessed as reported elsewhere (12@)optimum medium was MANA and the most
responsive explants were leaves, where maturescaliliures were established within 5 to 6

months with monthly subculturing.

6.1. Full experimental protocol for in vitro acclimation, recurrent selection, growth
assessments and characterization of stress-resistant material produced
During establishment and once no remaining matémah the initial explants was left

within the culture tissues, the callus was obserbgd light microscopy for signs of
embryogenesis and organogenesien,calli were transferred to Petri dishes (10 cm di@me
x 2 cm) with 25 mL MANA medium supplemented withwithout 50 mM NaCl. One month
into the 50 mM treatment, embryogenic callus oniswtepped up to 100 mM NaCl for one
month, when half of such calli were kept at 100 NBCI and the other half was stepped up to
150 mM NacCl. Likewise, one month into this treatmealli were split into two halves where

one was subcultured onto fresh medium with 150 m&CNand the other half stepped up onto
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either 250 or 350 mM NaCl for 3 months (Fig. 2)ushby five months from the start of the
acclimation strategy calli were available that lnexhained continuously on 50 mM NacCl (6
months), 100 mM NaCl (5 months), 150 mM NaCl (4 thehand 250 or 350 mM NaCl (3
months), in addition to the controls on 0 mM Na@ (months). This first phase of acclimation
was termed Phase I. At this point in time, thet fithase of indirect recurrent selection (Phase
II) was initiated by transferring all calli onto MMA medium minus NacCl for two months and
then back to the same Phase | NaCl concentrateyndame from. Phase Il (second cycle of
recurrent selection) was a repeat of Phase Il bgrttie end of Phase Il calli were 24 months
old.

In parallel to these treatments, five month oldtomlrcalli were also tested for their growth
potential on medium containing PEG 6000 (1%, wiwl ghey were submitted to the same
strategy only that there were no step-up stagesglly constituting a direct recurrent selection
methodology when it came to the induction of takeeato osmotic stress.

For the quantification of growth, data were firstamined for linearity following log
transformation of y axis coordinates, and expodgtgrowing calli were then measured in
terms of absolute (g monthandrelative growth rates (RGR gday?), as follows:

For the relative growth rate calculation the forenused was

InB—1nAd
RGR=——

where A and B are the sampling times within theogwgmtial phase of growth for each treatment
and t is the time interval between successive sagglThereafter, when results conformed to
linear growth, they were analyzed by regressiongiodith (g montH) determined according
to the gradient of the straight line (y_= mx+c)ddmally statistically significant regressions
were then used to calculate growth (g)m

When growth was neither exponential nor linear,ollis callus growth per month was

estimated as

12



FW2 — FW1
GR=———

where FW1 and FW2 are the fresh weight of callughatbeginning and end of treatments,

respectively and t spans this time interval

6.2 Assessment mor phogenetic potential

Once Phase Il above was completed, stress-tolegdluis tissues were sub-cultured onto
an embryo development medium (EDM), derived froat tleported by lantcheva et al. (134)
and supplemented with the same NaCl concentrasarsad during Phase lll, for 4-6 weeks.
Then, such calli were transferred for a further twonths onto an embryo conversion and
rooting medium (ECR) (134) supplemented again withsame NaCl concentration as in the
previous passage (Fig. 2). At this stage, calesuBs were examined under a binocular loupe

and the extent of embryo and/or organ formatiosaah concentration of NaCl was recorded.

6.3. Endogenous K+ and Na+ measurements

For the determination of the sodium accumulatiothencallus, 100 mg fresh weight pieces
were collected from three independent replicatésviing Phases I, 1l and lll, i.e. with calli
that were 11, 17, and 23 months-old, respectividig. dry weight of each replicated fresh callus
piece was determined by incubation in a glass hdak@4 h in an oven at 80 °C. Then, 10 mL
of 15.8 M HNQ (Fisher-MOS) was added to each beaker and bealeresplaced on a sand
bath at 240 °C in a fume cupboard for 2-3 h uhgldigests started to clear (more acid should
be added as necessary to prevent the digest frgimgdup), and once samples had cooled (15
min) at room temperature, they were filtered andenap to 25 mL with ultra-pure water. Na
accumulation for each treatment was measured @asirggjomic absorption spectrophotometer

(Varian- Spectr AA-100, version 2.00 software) fiNd’] calculated as:
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ug ion _ppm value (%) x volume x dilution factor

g sample material dry weight

The same methodology was used to meastiscéumulation in 23 months-old calli.

6.4. Proline measurement after selection for NaCl and osmotic stresstolerance

For all experiments oim vitro selection for salt and osmotic stress tolerantle Mi truncatula

we evaluated the proline content (8, 9) followingthods reported by Troll and Linsley (135)
and Boukel and Houassine (136). Briefly, 100 mgaifus tissue per sample per treatment was
examined over the concentration range 0, 50, 180, 250 and 350 mM NacCl, repeated three
times. Samples were collected in 30 mL tubes and_2f 40% ethanol was added per tube
prior to heating in a water- bath at 85° C for 6th.mAfter cooling samples (2 h, room
temperature), 1 mL extract per sample was traredfeti a tube with 1 mL acetic acid and 1
mL ninhydrin reagent (120 mL distilled water + 3@ mcetic acid + 80 mL orthophosphoric
acid (density 1.7) + 25 mg ninhydrin). This mixtsample and reagent) was then boiled (30
min) and after cooling at room temperature, 5 mhzame was added. At this time, an upper
layer yellow- coloured band indicated the presasfqaoline (136), whereby determination of
the sample optical densities was performed usirgpectrophotometer (LNICAM: uv-vis
spectrometry) at a wavelength of 528 nm. A stangaodine solution was prepared from a
stock solution (125 mg proline in 100 mL 0.3 M H@ixat was diluted with 0.3 M HCI to obtain
concentrations of 0.1, 0.2 and 0.4 mghfor the calibration used to determine the proline

concentration of different samples.

6.5. Water soluble carbohydrate measurements

Water soluble sugars were measured with the arghma@thod of Plummer (137) by extraction

from three 100 mg callus samples from each Na@trment (0, 50, 100, 150, 250 and 350 mM
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NacCl), that were immersed for 48 h in 3 mL of 80&a@mol and then were heated in a water
bath at 70 °C (30 min). Then, 2 mL were taken ftbmextract solution from each sample and
were diluted 10 times with 80% ethanol plus 4 mlanthrone (0.2 g dissolved in 100 mL of
18M H,SQy, prepared at least 4 h in advance). Tubes wekeshalaced in a water bath at 92
°C for 8 min, and finally cooled (30 min on icethlre dark). The water soluble sugar content
was read spectrophotometrically (LNICAM: uv-vis spemetry) at a 585 nm wavelength, and

the data were converted to mgusing pre-established calibrations.

6.6. Osmolarity measur ements.

All measurements of osmolarity were carried ouhgsi Wescor (model VAPRO 5520, USA)
vapour pressure micro-osmometer on a minimum eethOpl samples for each treatment and
the intracellular osmolarity and that of MANA mediuwvere also evaluated at the end of step-
up acclimation, i.e. Phase I.

For assessments at the intracellular level, 2ghfreeight of callus were collected from all salt
stress treatments of 0, 50, 100, 150, 250, andr8@WMNacCl after callus terminated Phase I, and
also for callus tissues selected for resistan&EiG-induced osmaotic stress. They were crushed
in an Eppendorf tube with a pestle, then centriflu@e000g, 10 min, 4°C), and finally, the
supernatant was employed for measurements of ostgokfter calibrating the micro-
osmometer. For calibration, three standard solataye used: 100 + 0.3 mM/Kg (equivalent to
osmosed deionized water osmolarity), 290 £ 0.5 mdi/equivalent to milliQ water
osmolarity) and 1000 + 1.4 mM/Kg (equivalent to seder osmolarity) (54).

Calibration is a delicate and time-consuming openags a minimum of five measurements of
each standard solution are performed in ordert@eraene precisely the range of technical error
to be found in the subsequent measurements. Tieis/ariations from the standard solution

data evoked above are those corresponding to thalaneasurements performed at the time
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of experiments, but they are not necessarily idahto figures that may be obtained every time
the experiments are repeated. In general, an aidhheigsargin of error would be of 1.5
mM/Kg against the 100 mM standard3.5 mM/Kg against the 290 mM standard and up to 6
mM/Kg against the 1000 mM standard.

Results, are the mean + S.E of measurements patoatleast three times and are expressed

in terms of mM/kg and, for all parameters assessiealjld be analysed statisticallyXm.05).

6.7. Determination of the water content of callustissues

For determinations of the water (according to 138put 0.3g fresh weight of 11 month old
calli, at the end of Phase |, was gathered in thepicates from each NaCl treatment: 0, 50,
100, 150, 250 and 350 mM. The fresh weight (FW) determined and they were oven-dried
(70 °C, for 72 h) to determine the dry weight (DWWhen, the water content (WC) was simply

calculated according to the formula: WC (%) = FWADFW X 100 (139).

6.8. Deter mination of mitotic index, cell viability, and cell mor phology

C-value of calli was determined following vitro selection for several months as compared to
leaf tissues from the original plants in order émftrm their cytogenetic stability. Thus, nuclei
were isolated from abiotic stress resistant caltl also from leaves of greenhouse grdvin
truncatulaAl7 plants, by chopping tissues in 400 mL of nackxtraction buffer to which 1.6
mL of staining buffer containing 4, 6 diamidino-Bgmylindole (DAPI; Sysmex), an A-T
binding specific fluorochrome, were added (14®e Tesulting nucleus suspension was filtered
through a 20 mm nylon mesh and DNA contents ofisb&ated nuclei was analyzed using a
Partec PAS-II flow cytometer equipped with an HB@BIW mercury lamp and a dichroic
mirror (TK420). Ten replicated calli for each tneint were analyzed, with a minimum of 3000
to 10000 nuclei per run. The mitotic index was ghdted according to the formula: MI D 4 x
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4C/6 2C C 4C, where 2C and 4C correspond to thenméegrated value of nuclei in G1 phase
and G2, respectively (140).

Cell viability was estimated by dual staining withorescein diacetate (FDA; Sigma, Poole,
United Kingdom) and propidium iodide (PI; SigmapRg United Kingdom). Cell suspensions
(75 mL) from each treatment were mixed with 75 nildwal staining solution containing FDA
(200 mg mL!; 141) and propidium iodide (PI at 120 mg ™lon ice and incubated for 20 min.
FDA is cleaved by esterases in the cytoplasm io&bede and fluorescein which is hydrophilic
and accumulates in the cytoplasm of metabolicaitiva cells. Thus, after excitation under the
UV light live cells fluoresce yellow—green, whileall cells appear red using a fluorescent
microscope. A minimum of 300 cells are counted aasililts are expressed as the percentage
of fluorescing cells referred to the total numbkcaells in the field.

Following application of a long-terin vitro selection strategy, the cell morphology should
also be characterized (1). For this, FDA stainédksl of control and stress-treated cells are
observed using a microscope under UV light. Théaserarea of cells and nuclei is determined
after variable times of culture (generally 2, 4d &months), using image acquisition programs
such as ArchimedPlus and Histolab (Microvision,nég) as reported by Ochatt et al. (54) or
with Image J software, and it is also advisablagply a shape coefficient (55) once selected
cells are stabilized under the stress factorsdeste at about 6 months of culture. Briefly, this
shape coefficient (SC) is calculated based on #éifiddngth of the cell along its longest (a) and

shortest (b) axes, as:

V&2

a

SC =

For each treatment, nucleus and cell size shoulddzsesured on 10 to 20 cells, and results are
expressed as the mean £ SE. The SC distinguisiesl foom elongated shapes, since SC
values close to 1.0 correspond to elongated cdlilevi6C values close to 0.5 correspond to
rounder cell shapes (55).
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For vacuolar measurement, calli having completeaisBHhll (23 months + acclimation) on 0O,
50, 100, 150, 250 and 350 mM NaCl were used. Vasualere measured by placing 50 mg
callus in small vials containing a 1% (w/v) aquesakition of Lucifer yellow—dipotassium salt
(Sigma) for 2 hs. Lucifer yellow is a trace thatiss the apoplast and accumulates in the pro-
vacuole; it cannot penetrate membranes but it eaetpate the tonoplast (142). Size of stained
vacuoles was measured by image analysis using Saganapro (objective: DPlan Apo 20 UV,

0.70, 160/0.17).

6.8. Real Time PCR

In thein vitro selection studies of Elmaghrabi et al. for sajtgB8d osmotic stress resistance
(9), all procedures were according to Spadaforal.et143, 144). Thus, RNA was extracted
using TRI Reagent (Sigma Aldrich, UK) with a ratibabout 200 mg of plant material to 2 mL
of TRI Reagent. Keeping this ratio is importantensure sufficient concentration of the
resulting RNA without contamination from proteingdaother cellular components. Leaf or
callus material was ground to a fine powder usiggidl nitrogen in a sterile pestle and mortar
(pre-chilled to -20C) ensuring that the plant material remained fraheoughout. Then, 2 mL

of TRI Reagent were added to the mix and grourfdrio a homogeneous paste and the paste
was transferred to a 1.5 mL Eppendorf tube. Folhgya brief (15 sec) vortex the extract was
left at room temperature for 5 min, before beingtdiged at 12 000 rpm for 10 minutes at 4
°C in a microcentrifuge (BECKMAN COULTERTM- AllegraM 12R Centrifuge) to pellet the
cellular debris. The resulting supernatant was ddd®.2 mL of chloroform, vortexed (10 sec)
and left to stand at room temperature for 5 minsTas followed by centrifugation at 12000
rpm in a microcentrifuge (as above) for 15 min &€4 The supernatant produced contained an
aqueous layer of RNA which was carefully removeaiding the interface between the two
phases and mixed with 0.5 mL of isopropanol to ipitte the nucleic acids at room

temperature for 10 min. The mix was then centritbder 10 min at 12000 rpm in a
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microcentrifuge at 4C (as above). The supernatant was removed andettet washed in 1
mL of 75% ethanol to remove residual salts. A quickex followed before another round of
centrifugation for 10 min at 12000 rpm in a micnoitéuge at 4°C (as above). The pellet was
air dried thoroughly (in a flow cabinet or fume ldotw increase air flow and accelerate the
process) and resuspended in sterile distilled water RNA was kept on ice until used or stored
at -80°C. Concentration and purity were tested using aoNeop spectrophotometer (Nano
Drop® ND-1000 spectrophotometer) and by agarosesigetrophoresis (Fig. 2) to visualize
the rRNA bands. This is important to assess intggfithe RNA. To ensure that the RNA was
not degraded during electrophoresis, the tank, canabtray were soaked in 0.1 M NaOH for
at least 10 min and then rinsed thoroughly withiltesl water before use.

To ensure that real time PCR results are a trdectedn of changes in gene expression it is
very important to remove residual genomic DNA. Délaseatment was therefore used to
remove the residual genomic DNA. Depending on tN&Roncentration, from 2 to 1@ of
RNA (2ug) were added to a solution ofu?2 of RQ1 DNAase 10X buffer (Promega) up of
RQ1 DNAse and sterile water to a @0final volume and were incubated at %7 for 10 min.

To stop the reaction @ of RQ1 DNAse stop solution were added to the rang incubated at
65 °C for 10 min. To test whether the DNAse treatmerats veuccessful, the absence of
contaminating genomic DNA was verified by PCR affigdtion with primers to 18S rRNA
(PUV2F 5-TTCCATGCTAATGTATTCAGAG-3 and PUV4R 5-
ATGGTGGTGACGGGTGAC-3") using appropriate positivadanegative controls (plant
genomic DNA and sterile distilled water), and produwere analysed by agarose gel
electrophoresis. If residual genomic DNA was préesha DNAse treatment was repeated,
checking the integrity and concentration of the Ragin after the second round of DNAse

treatment.
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Purified RNA (2 pg of in a total volume of 1Q) was retrotranscribed using an Ambion kit
(RETROscript® Reverse transcription for RT-PCR) aDMNA was stored at -8 until future
processing. cDNA quality was tested by PCR usirtg IEBBNA primers and the primers for the
target genes of interest. PCR using 18S rRNA anddd cycle number was used to equalize
the cDNA concentrations prior to real time PCR.

An ABsoluteTM QPCR SYBR® Green Mix (Thermo Scieiafifkit was used in the real time
PCR process, where each reaction consisted obbhvioiume of 25 ul: 5 pul cDNA (diluted
1:20), 12.5 pl ABsolut? QPCR SYBR® Green Mix, 1.75 pl of each primer (1)and 4

pl H20. Reactions were cycled in an MJ ResearchlOBNTM 2, in triplicate, at 95 °C for
10 min, followed by 40 cycles of 95 °C for 15 s, ®Dfor 30 s and 72 °C for 30 s and finally
one cycle of 72 °C for 30 s. A melting curve ana\{60 to 98 °C with an increasing heat rate
of 0.5 °C &") was performed to test primer specificity afterpdification. Mt18S rRNA primers
were used to normalise the results in EImaghrahbl.€8, 9) withM. truncatulasamples. 18S
rRNA is a reliable reference gene that has beed uséely for developmental and stress-
response studies with many species (145).IA®& ensure correct quantification, the real time
PCR was repeated adjusting the dilution of the cON#ycle number variability amongst the
samples was > 2 cycles. At least two technicalthrek biological replicates are recommended
for real time PCR. The relative quantification @ng expression data was carried out with the

2-DDCT or comparative CT method (147).

7. Conclusion

Use ofin vitro selection for the development of salt and drougtgrant germplasm is
underpinned by a range of techniques described ealibat assess the physiological,
biochemical and gene expression status of the asllthey progress through the selection

process. This ensures that enhancement of theamakercan be followed and optimized
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throughout these long experiments. Using the tiplegse step protocol iM. truncatula
resulted ina change in these parameters over the treatmeagt8) k8, 9). For example, mean
callus growth, an&0OSIgene expression changed from moderate decreassigrate increase
compared to controls during the course of the ewprt. In contrast many other parameters
showed a consistent but moderate increase eventfrerearliest time points measured at 6
months after the start of the selection. As teaescfor the analysis of gene expression become
cheaper and faster, future analyses may incorpamgimaches such as RNAseq, proteomics,
metabolomics and whole genome methylation expetisneEnassess the overall status of the
germplasm, offering new insights into the cellutdmanges that are taking place and the

mechanisms that underlie those changes (148, 149).
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L egendsfor figures:

Figure 1: Full in vitro culture protocol from callus initiation to selectifor NaCl resistance.
(A) Leaf explants fromn vitro germinated plantlets are grown on various mediacéius
initiation, which is best on MANA medium where thane kept by either continuous culture on
0 mM NacCl (control treatment) or, after 5 monthseeed in the acclimation protocdB)
Acclimation protocol (until month 10 of culture, &e l)begins by subculturing calli onto 50
mM NaCl for one month and thereafter, monthly,icalé also stepped-up to 100 mM NacCl
then to 150 mM NaCl and finally to 250 mM or 350 N CI where they were kept for 4, 3
and 2 months, respectively. This marks completioRh@se I, which is followed by recurrent
selection consisting of two back and forth passdmte/een stress-free and stress-inducing
medium, repeated twice i.e., Phases Il and Il gdame protocol is applied for PEG6000 only
that direct recurrent selection is appligd) Callus morphology by the end of Phase | as calli

are acclimated to increasing NaCl concentratioos @ to 350 mM NacCl.

Figure 2: Quality checks for RNA quality and primer specifyc{A) Gel electrophoresis of
RNA extracted from leaf and callus frodhedicago truncatulagrown with different levels of
abiotic stress. Lanes: 1= 1 kb ladder, 2= leaf {0 NaCl), 3= callus (0 mM NaCL), 4= callus
(50 mM NaC), 5= callus (100 mM NaCL), 6= callu$@1mM NaCl), 7= callus (250 mM
NaCl), 8= callus (10 v/v PEG) showing sharp barmtdobth major rRNA$B) Melting curve

of Mt18S gene as control, following Phase Mftruncatulacalli on NaCL stress treatments
(See Fig 1 for further details) showing a shargleipeak indicating that there are no primer-

dimers or other non-specific products in the reaetPCR reaction.

Figure 3. Summary of physiological responses and molecwsaults following in vitro
selection for NaCl and PEG resistance with M. tedala cultures compared with non-stressed
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control tissues. Blue color indicates increase/gylision (moderate= light, high= dark), red
color indicates decrease/downregulation (moderdight, high= dark) and when non-
significant compared to controls white is usedP*= < 0,05; ** P = < 0,01; ND = not

determined.
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Table 1. Culture media used to induce somatic eagayesis ilMedicago truncatula

Medium | Basal Medium Supplements* References

Code

B5E1 B5 (150) + 3%| 1 mg/L 2,4-D + 0.2 mg/L Kin + 1 mg/L adeninel34
sucrose + 7 g/L agar| + 500 mg/L CEH + 500 mg/L myo-inositol

EID MS (133) + 3%| 1 mg/L 2,4-D + 0.2 mg/L BAP + 1 g/L CEH +134
sucrose + 7 g/L agar| 100 mg/L myo-inositol

B5,4 B5 (151) + 3%| 4 mg/L 2,4-D + 0.2 mg/L Kin + 1 mg/L adenine&’6
sucrose + 7 g/L agar| + 500 mg/L CEH

M4 MS (133) + 3% 4 mg/L 2,4-D + 0.2 mg/L BAP + 100 mg/L myo-77
sucrose + 7 g/L agar| inositol

PCI-4 SH (152) + 3% 4 mg/L 2,4-D + 0.2 mg/L BAP 72
sucrose + 7 g/L agar

R2B5 B5 (151) + 3%| 1 mg/L IAA +5 mg/L Kin+ 1 g/L CEH 91
sucrose + 7 g/L agar

CIM-D MS (150) + 3% 1 mg/L 2,4-D + 2 mg/l Z + 100 mg/L myg-154
sucrose + 8 g/L agar| inositol

CIM-C UM (Uchimiya and| 1 mg/L 2,4-D + 2 mg/L Z + 100 mg/L myQ-71
Murashige; 153) + 3% inositol + 0.2 mg/L bacto-tryptone
sucrose + 8 g/L agar

MANA MS (150) + 3% 2 mg/L NAA + 0.5 mg/L BAP + 100 mg/L myg-8, 9, 111
sucrose + 7 g/L agar| inositol

MPIC MS (150) + 3%) 0.2 mg/L Picloram + 0.52 mg/L Kin + 100 mg/L8, 9, 111
sucrose + 7 g/L agar| myo-inositol

* 2,4-D, 2,4-dichlorphenoxyacetic acid; BAP, 6-beanyinopurine; CEH, casein enzymatic

hydrolysate; 1AA, 3-indoleacetic acid; Kin, Kinetif®-furfurylaminopurine); NAA, alpha-
naphthalene acetic acid; Pic, Picloram (4-aminge3tichloro-2-pyridinecarboxylic acid)
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Table 2. The four different media used to optintize ideal conditions ah vitro growth of

callus derived from explants dfedicago truncatulaSee also Figure 1.

Medium Code’ Growth regulators and other supplements (#)g |
Auxin® Cytokinint Othef
MANA NAA (2.0) BAP (0.5) Nil
EID 2,4-D (1.0) BAP (0.2) CEH (1,000)
MS4 2,4-D (4.0) BAP (0.2) Nil
MPIC Pic (0.2) Kin (0.5) Nil

aMANA and MPIC media, as in Ochatt et al. (111), EIEmbryo Induction Development,
modified from lantcheva et al. (134). See also &dbl

®NAA = alpha-naphthalene acetic acid, 2,4-D = 2 ghltirphenoxyacetic acid; Pic = Picloram
(4-amino-3,5,6-trichloro-2-pyridinecarboxylic acidee also Table 1.

¢ BAP = 6-benzylaminopurine; Kin = Kinetin (6-furfgdaminopurine). See also Table 1.

4 CEH = casein enzymatic hydrolysate. See also Thble
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