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ABSTRACT

In this study, in vitro-derived shoot tips of Eurdkemon (Citrus limon [L.] Burm. f. ['Eureka’]) werencapsulated
in various concentrations of sodium alginate (Nghaéte) (3%, 4%, and 5%) dissolved in liquid MS med
supplemented with 50 g'Isucrose + 10 mgt BAP + 1 mg ' NAA (SA1); liquid MS medium supplemented with
50 g I'* sucrose (SA2) and distilled water with 504 ducrose (SA3). Encapsulated and non-encapsulétedt s
tips were stored at 4°C for different storage pdad1-8 weeks). Alginate matrix of 4% Na-alginate 400 mM
CaCl-2H,0 was found to be suitable for the production gfirzdte beads. Shoots obtained by root inductiorewer
transferred to MS medium containing 5 myIBA. Encapsulated shoot tips on SA1 treatment wisiele (50%)
after 3 weeks of cold storage while non-encapsdlatkoot tips lost their viability completely aft8rweeks.
Addition of MS nutrient and hormones to the alginatatrix significantly affected the regenerationsbbot tips.
The survival rate of shoot tips encapsulated in &fédr 4 weeks was 30% while that of encapsulate8A2 was
20%. However, shoot tips encapsulated in SA3 hast viability. Conversion frequencies of shoostgncapsulated
with SA1 in MS medium with hormones and withoutrfuores were 60% and 30%, respectively, after 1 wiaks,
the current synthetic seed technology could beuliseflarge-scale propagation and short-term comnsgion of
citrus.

Keywords: Alginate matrix, Cold storage, Encapsulation, Sgtithseed, Eureka lemon.
Abbreviations: BA, N-benzyladenineNAA, a-naphthaleneacetic acid; MS, Murashige and Sko@&g, lindole-3-
butyric acid

INTRODUCTION

Synthetic seed production technology is one ofrtlest important applications of plant tissue cultdrbe alginate
encapsulation technique combines the advantagel®dl propagation and the characteristics of ggegagation
and storage (i.e., storage, easy handling andpoanase of sowing equipment, and protection agjgiathogens)
[2, 18, 30]. Synthetic seed technology via algineteapsulation is an efficient method for both pgation and
short-term storage of various important plants [26]. In crop plants with long juvenile periodsg.e.citrus and
grapes, the sowing efficiency can be significanthproved by using synthetic seeds instead of astif21].
Alginate encapsulation of shoot tips together withid preservation presents a possibility of conmgriplant
materials between laboratories and an alternativedving space while storing plants at temperathetow 0°C [6,
24, 28, 29]. Cold storage can reduce the cost @gwing germplasm cultures by reducing manualrlaibd can
decrease genetic variation because of less fregseltculturing and adventitious regeneration. Shibos
encapsulated in alginate are suitable for presgrviegetative propagated woody plants because merisand
shoot tips are appropriate explants for syntheteds to preserve water. Moreover, maintenance radtigefidelity
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of donor plant is assured [7]. In addition, shaps$ tan regenerate directly without callus formatiohich reduces
the risk of somaclonal variation [33]. Furthermopant regeneration from shoot tips is easy andlkguihus
shortening the duration for regeneration [33] arakimg the plant available at any time of the ye&][ In such
cases, synthetic seed production from shoot tipdeaused in place of germplasm storage and tmduaed plants
[28]. Ballester et al. [3] reported that among sav@on-embryogenic propagules, shoot tips are mesponsive
than other explants because of the higher mitatiwigy in the meristems.

In vitro germplasm preservation is often achieved usingditions that minimize the rate of tissue growth.
Encapsulation of tissues in alginate bead redube§ tespiration, decreases their growth, and alldieir
maintenance and storage [4]. Viability and gernmarabf encapsulated shoot tips can be improved agipulating
the composition of synthetic endosperm and the aetianging the media type, and optimizing growtiutators.
Because the citrus plant is one of the most ecoradiyiimportant fruit tree in the world, its proggn has been
studied worldwide to highlight the importance ofmumercial propagation of healthy citrus plants at feer unit
cost. An efficient protocol was developed for skterin storage and conservation of commercial woanty citrus
plants by using encapsulated shoot tips. In citvasious materials such as ovules [14], somatic rgat[14],
embryonic axes [5], embryonic cells [22], and shius [13, 33, 34] have been successfully cryopregk In this
study, we reported cold preservation of synthetieds of Eureka lemon by employing encapsulatioshobt tips
and successful regeneration of these encapsulhtext §ps into plantlets to improve their preseimat We also
reported the effect of different periods of coldrage, different concentrations of sodium alginate] different
compositions of alginate matrix on the viabilityericapsulated shoot tips.

MATERIALS AND METHODS

Plant material

The plant material included shoot tips sampled intwitro plantlets of Eureka lemorC{trus limon[L.] Burm. f.
[‘Eureka’), which were obtained from seeds gerrnaidn vitro. The seeds were obtained from citrus orchards in
the east of Mazandaran province, Iran. The seeds sterilized by submerging them in 70% (v/v) ethiidor 5
min, followed by immersion in 4% sodium hypochler{iw/v) for 10 min. After rinsing with sterile dibkéd water
for 5 times, the seeds were placed on MS [20] nmredsupplemented with 30 g'Isucrose and 500 mg*Imalt
extract. Shoot tips frorim vitro grown seedlings were excised and cultured on Mallraedium supplemented with
10 mg I BAP and 1 mgT NAA for proliferation. The pH of the medium wasjasted to 5.8 + 0.1 before adding
0.8% (w/v) agar-agar. The media were sterilizecitpclaving at 121°C for 15 min. All cultures wéneubated in
a culture room at 25°C + 1°C under 16-h day lengiith an illumination of 100 pmol ths™ provided by Osram
cool white 18 W fluorescent lamps. Every month,calltures were transferred to fresh MS medium sipphted
with 500 mg T* malt extract and 30 §'Isucrose. Approximately 60-day-old plantlets wesedlin the experiments.

Encapsulation procedure

To study the role of different concentrations oflison alginate (Na-alginate), different concentmasioof NA-
alginate (3%, 4% and 5%) were prepared using M@dignedium supplemented with 50 g sucrose, 10 mg
BAP, and 1 mgT NAA. To study the effect of alginate matrix comjtio®, alginate matrices were prepared as
follows: SA1 was prepared with Na-alginate 4% (wawd liquid MS medium supplemented with 50 gsucrose,
10 mg I BAP, and 1 mg NAA; calcium chloride (CaGl2H,0; 100 mM) and 50 g} sucrose were added to the
liquid MS medium. SA2 was prepared with Na-algind¥ (w/v) and liquid MS medium supplemented withd0
I"* sucrose; CaGl2H,0 (100 mM) and 50 gt sucrose added to the liquid MS medium. SA3 wapaned with Na-
alginate 4% (w/v) and distilled water containing0® sucrose; CaGl2H,0 (100 mM) and 50 g1 sucrose added
to the liquid MS medium. The gel matrix and comjalgxagent were autoclaved separately at 121°C Somin
after adjusting the pH to 5.% vitro shoot tips were excised from proliferated Eurekadn shoots and used for
encapsulation. The shoot tips were individuallyapsulated in Na-alginate beads by transferring tdeop-by-
drop with a pipette from Na-alginate solution im@lcium chloride solution. Droplets containing shtips were
maintained in calcium chloride solution for 20 niinachieve polymerization of Na-alginate. After theads were
hardened, they were rinsed 3 times with sterilidistilled water for 10 min to remove excess calcithtoride.

Culture media for plant regeneration

After cold storage for 1-8 weeks, Na-alginate beafdsach alginate matrix composition were cultunadvS basal
medium supplemented with 50 g bucrose, 10 mg! BAP, and 1 mg NAA. To determine the effect of culture
media type on synthetic seed conversion, some {laaé beads encapsulated with SA1 were culture® on
different media, MS basal medium supplemented ®ilihg ' sucrose, 10 mg1 BAP, and 1 mg NAA and
hormone-free MS basal medium, after cold storagelf8 weeks. All cultures were maintained as presip
described. After the regenerated shoots reacheeigithof 1-2 cm, they were transferred to MS basatlium
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supplemented with 5 mg’l IBA for root development. Complete plantlets weretained after 2 months of
incubation.

Cold storage

The encapsulated shoot tips of each alginate metrixposition and non-encapsulated shoot tips wansferred in
empty Petri dishes covered with aluminum foil atated in a refrigerator at 4°C for 1-8 weeks. Aféach storage
period, the encapsulated and non-encapsulated sipsotvere cultured on MS medium with or withoubgth
regulators to evaluate conversion.

Statistical analysis

The percentage of stored and non-stored encapdidhtmt tips that developed plantlets was recovasekly for 3

consecutive weeks. The conversion of encapsuldtedt $sips was determined by evaluating develop@wtshwith

apparent 2 leaves after 4 weeks and roots aftezeksv In every experiment, 20 synthetic seedsadultire plates
were treated. Each culture plate containing 5 ®tittseeds was considered as 1 replicate. Deseriptatistics
such as mean, standard deviation, and bar charinréntial statistics, including analysis of \aarce in factorial
design (2 factors) by 10 repetitions were perfornféignificant differences between means were asdessing

Duncan’s multiple range tests, with p<0.8Bing statistically significant (statistical packafpr social science
[SPSS] ver. 16).

RESULTS

Alginate matrix containing 4% Na-alginate and 100 kalcium chloride was found to be suitable for thiamation

of firm and isometric alginate beads and for thevewsion of shoot tips into complete plantlets. ldoer, lower
concentration (3%) of Na-alginate was unsuitablgabee the alginate beads were diaphanous and assoanand

could not be easily manipulated. Higher concertratif Na-alginate (5%) was found to be unsuitaldedose the
alginate beads were hard, making it impossiblgHershoot tips to emerge. Alginate beads encagsliat4% Na-
alginate and 100 mM calcium chloride were usedefuzapsulating shoot tips in all further experimeRisgardless
of the composition of the alginate matrix, shootevg from alginate beads after 4 weeks of culturiRgots

emerged after approximately 3 weeks of culturingmPlete plantlets were obtained 2 months afteuduoly the

synthetic seeds.

As shown in Table 1, the conversion percentage mufapsulated and non-encapsulated shoot tips theg we
immediately cultured without storage was 70% anth6fespectively, which was statistically signifitgp<0.05).
However, with an increase in storage time at 4h€,regeneration frequency gradually decreased thathafter 2
weeks, the conversion percentage of non-encapdudaite encapsulated shoot tips was 10% and 50%gatsgy
(Table 1).

Table 1. Effects of different storage durations oithe conversion of encapsulated and non-encapsulateHoot tips of Eureka lemon into
plantlets after 8 weeks of culture on MS medium sygemented with 10 mg 1" BAP and 1 mg I* NAA

Frequeméylantlet conversion (%)
Storage duration (weeks) Encapsulated shoot tip with SA1 Non-encapsulated shoot tips

0 70 + 8.944a 60 +6.325b
1 60 + 6.325b 40 +6.325d
2 50 +6.325¢c 10 +8.944g
3 50 + 8.944c 00 +0.00h
4 30 £ 8.944e 00 +0.00h
5 20 + 6.325f 00 + 0.00h
6 10 +10.954¢g 00 + 0.00h
7 10 +8.944¢g 00 £ 0.00h
8 00 = 0.00h 00 + 0.00h

Values are expressed as mean = standard error (SE): 4% (w/v) sodium alginate + liquid MS mediurBG-g I'* sucrose + 10 mgl BAP +
1 mg I NAA + 100 mM calcium chloride

During storage, encapsulated shoot tips showedjlaehisurvival rate than non-encapsulated shoot After 3
weeks of storage at 4°C, encapsulated shoot tipsesh approximately 50% viability while non-encapged shoot
tips completely lost their viability. Encapsulatgubot tips lost their viability after 8 weeks obstge at 4°C (Table
1).

The conversion percentage of shoot tips encapsulaith SA2 (50 g T sucrose and liquid MS) was not
significantly different from that of shoot tips empsulated with SA1 (control) after the first andmed week of
storage. However, after 3 weeks of storage, thmiwversion percentage significantly decreased becafisvhich
they lost their viability in the sixth week (Tal2¢. Conversion percentage of shoot tips encapsulsith SA3 (50 g
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I"* sucrose and distilled water) was 60% even aftemediate encapsulation, which was significant comgao that
of shoot tips encapsulated with SA1 (control) (Eab).

Table 2. Effects of alginate matrix composition othe conversion percentage of encapsulated shdigts of Eureka lemon after storage

Frequencyof plantlets conversion (%)
Storage Duration (weeks) Alginate matrix SA1 Alginate matrix SA2 Alginate matrix SA3

0 70 + 8.944a 70 +6.325a 60 +10.954b
1 60 +6.325b 60 + 6.325b 30 + 8.944e
2 50 +6.325¢ 40 +10.954d 20 + 6.325f
3 50 + 8.944c 30 + 8.944e 10 +6.325¢g
4 30 + 8.944e 20 * 6.325f 00 + 0.00h
5 20 + 6.325f 10 +6.325¢g 00 £ 0.00h
6 10 +10.954¢g 00 + 0.00h 00 + 0.00h
7 10 +8.944¢ 00 + 0.00h 00 + 0.00h
8 00 + 0.00h 00 +0.00h 00 +0.00h

Values are expressed as mean + SE. Evaluation wae mfter 3 weeks of culture

Table 3. Effects of different media on the conversih of encapsulated shoot tips (with SA1) of EurekBemon into plantlets

Percentage of plantleversion (%)
Storage duration (weeks) Encapsulated with SA1 on MS with hormone€ncapsulated with SA1 on MS hormone free

0 70 + 8.944a 60 + 8.944b
1 60 + 6.325h 30 + 6.325d
2 50 + 6.325¢ 20 +10.954e
3 50 + 8.944c 10 + 8.944f
4 30 +8.944d 10 + 6.325f
5 20 + 6.325¢ 00 + 0.00g
6 10 + 10.954f 00 + 0.00g
7 10 + 8.944f 00 + 0.00g
8 00 + 0.00g 00 + 0.00g

Values are expressed as mean = SE. MS with hormeali MS medium + 50 gl sucrose + 10 mg1 BAP + 1 mg T NAA
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Fig. 1. Effect of alginate matrix composition and dration of storage on plant recovery in encapsulatkshoot tips of Eureka lemon. The
bars represent mean + SE. Bars followed by the santtter indicate no significant difference (p = 0.8), according to Duncan's multiple
range test.

During cold dark storage, conversion percentageshobt tips encapsulated with SA3 in the firstosel; and third
week were 30%, 20%, and 10%, respectively; howeamdhe fourth week, these shoot tips lost thedbility (Fig.
1).

Our results showed that synthetic seed culture @ambne-free MS medium immediately after encapsufati
significantly decreased (p<0.05) plantlet converspercentage; in addition, the generated plantiet$ feeble
rooting. As shown is Table 3, the conversion fremyeof beads encapsulated in liquid MS medium smpphted
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with 10 mg T* BAP and 1 mgT NAA (SA1) and cultured on hormone-free MS mediuiterafirst, second, third,
and fourth week of cold storage decreased to 3@, 20%, and 10%, respectively; in the fifth wetblese shoot
tips lost their viability completely (Fig. 2). Tleonversion frequency of beads encapsulated with &#llLcultured
on solid MS medium containing BA and NAA after 7eks was 10%; in the eighth week, these shoot digtstheir
viability completely (Table 3).

100
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40
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H with hormon

H hormonfree
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0 1 2 3 4 5 6 7 8

storage duration

Fig. 2. Effect of media type (MS medium with or wihout hormones) on the conversion of encapsulated @it tips of Eureka lemon after
cold storage. The bars represent mean + SE. Barsmnigted by the same latter indicate no significant dierence (p = 0.05), according to
Duncan's multiple range test. Data were recorded &r 3 weeks of culture.

DISCUSSION

The key factor in successful production of syntheeds and capsule quality is to use the cormupaosition of
Na-alginate and calcium chloride. The shape anchelier of alginate beads depend on Na-alginate atwium
chloride composition. Our results correspond tofthdings by Rady and Hanafy [23], Kavyashree e{Hl], and
Sundararaj et al. [31] who reported that 4% Naraltg was the optimum concentration for alginateldeemation

in Gypsophila paniculataMorus albaand Zingiber officinale respectively. However, most reports on 3% Na-
alginate and 100 mM calcium chloride have shown tihia is the optimum combination for alginate béanation

[1, 15, 16, 27]. Similar to the findings by Germagtaal. [12] in citrange, our results showed tihat addition of 10
mg " BAP and 1 mgT NAA (for shoot production) and 5 mg‘lIBA (for root production) to the MS medium
significantly improved the regeneration percentajeureka lemon plantlets.

The conversion percentage of non-encapsulated sipsogradually decreased after prolonged storagé@ such
that after 3 weeks, they lost their viability coetglly. In contrast, encapsulated shoot tips shdvigiter resistance
to cold. Therefore, an artificial coat is essentiaprotect shoot tips during cold storage. Simitathe findings by
Germana et al. [12] if€arrizo citrangeand Katouzi et al. [15] ifdelianthus annuus., our results showed that
encapsulated shoot tips had a higher regenerasipactty than non-encapsulated shoot tips. AhmadAanisl [1]
reported that encapsulated nodal segmenistex negundeshowed 50% viability after 8 weeks of storage. Gata
indicated that only 30% of Eureka lemon synthesieds converted into plantlets after 4 weeks. Irtraghto the
findings by West et al. [36], which showed that a&psulated nodal segment dibiscus moscheas had 80%
viability even after 7-8 weeks of cold storage 4t 5our data indicated that encapsulated shootfifsireka lemon
lost their viability after 8 weeks of storage aC4°These differences may be related to plantle¢ typgenotype.
Although the survival rate of encapsulated shqmt 6f Eureka lemon in cold storage was better thahof non-
encapsulated shoot tips, their conversion percentagplantlets decreased gradually after prolongedage,
indicating that conservation frequency was affedigdstorage time. Our results correspond to thdirigs of
Katouzi et al. [15] inHelianthus annuu4., which showed that regeneration capacity of esgkgted shoot tips
decreased after prolonged storage. The declifeeiednversion of encapsulated shoot tips aftenkpged storage
time may be attributed to the inhibitory respiratiissues resulting from the alginate coat or wfssoisture due to
partial desiccation during storage, as reporteliee48, 8].

Our data indicated a significant difference betweenapsulated shoot tips cultured on liquid MS temppnted
with BA and NAA (SA1l) and those cultured on hormdree liquid MS (SA2). These findings are compagata
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those by Danso and Ford-Lloyd [6], which showed #wddition of BAP and NAA duringcassavanodal cuttings
and shoot tips encapsulation process significatlyanced the plant re-growth. Similar to the figdiby Faisal et
al. [8], Faisal and Anis [9], and Saiprasad anddettly [26], our results showed that addition of BAd NAA to
artificial endosperm and provision of conditionsi#ar to natural seeds increased plantlet regeioeradtiowever, a
study by Zych et al. [37] oRRhodiola Kirilowii showed that supplementation of Na-alginate with M&dium
containing growth regulators had no effect on tiadiity of encapsulated axillary buds, callussbioots. Shoot tips
encapsulated with SA3 showed a significant deam@pared with those encapsulated with SA1 (congnot) SA2.
This difference was particularly obvious after agp. Similar to the results by Faisal et al. [8] &ermana et al.
[11], our results showed that a completely ar@#fi@ndosperm, including nutrient, sucrose, and graegulators, is
necessary for supporting the survival and furtheowgh of synthetic seeds of Eureka lemon storeccaid
temperatures. Our results corresponded to thosesbgtkov et al. [32] in hybrid aspeRdpulus tremula.. x P.
tremuloidesMincx.) and indicated that alginate matrix compiosi was an important factor that significantly
affected the conversion of encapsulated hybridragpécal segment. Moreover, addition of assistantonents to
the alginate solution improved the re-growth parianse

Because 50 g1 sucrose was used in all alginate matrices, theéhetin seeds of Eureka lemon required plant
growth regulators other than sucrose for their eosion to plants. However, a study by Makowczynaka
Andrzejewska-Golec [19] oRlantago asiaticashowed that presence of sucrose in capsules hesl digtinct effect
than IBA on the germination and conversion of sgtithseeds into plants.

Our data indicated that presence of hormones (BAd NMAA) both inside the artificial coat and in theedium
possibly had a positive effect on increasing thaveosion of Eureka lemon synthetic seeds into plaht
comparison to the findings by Saiprasad and Pt}i$26] in Dendrobium,our findings showed that encapsulation
matrix prepared with MS medium supplemented wittd@M BA and 0.54uM NAA and culturing on MS media
with different concentrations of BA and NAA show&@d0% conversion rate to plants after storage psriod
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