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Abstract

Most crops in saline environments are negatively affected in their rate of growth. This effect is attributed either to osmotic causes or to ion
toxicity depending on the plant species, salt composition and salt concentration. SpecieSlenbeodiaceatamily are considered to be
resistant to this type of stress. Two cultivars of quinoa (Chenopodium quffiéé), an ancestral crop from the Andes of South America
with a high nutritional value are evaluated for tolerance to saline stress by calorimetric experiments of seed germination carried @it at 24.7
in NaCl, KCI, NSO, K,SO, and NaCO; solutions. Also, 0.1 mM HgGlwas used in combination with the salts to evaluate the possible
existence of channels blocked by the mercurial reagent involved in the transport of ions. Results indicate that seeds of cv. Robura are less
tolerant to saline stress than are seeds of cv. Sajama with a tolerance limit for seeds of the former cultivar of 100 mM NacCl. Above this
concentration there is an apparent expression of proteins bearing —SH groups that block influx of NaCl, which are inhibited by 0., mM HgClI
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction with 321 species has the highest number of genera that are
halophytic and among them is quinoa (Chenopodium quinoa
Most plants in saline environments are negatively affected Willd.) which is an ancestral crop from the Andes of South
in their rate of growth and among them are the majority America[3]. The high nutritional value of this crop due to its
of crops. This effect is associated with osmotic causes (i.e. high protein content, vitamins (A, B E) and minerals (Ca,
low osmotic potential in the soil), nutritional imbalance and Fe, Cu, Mg, Zn) makes it very suitable as fof#]. There
specific ion effect or a combination of these three factors are several evidences about the extraordinary adaptation of
depending on the plant species, salt composition and saltquinoa to low and high temperatures, poor rainfall seasons,
concentratiorn1,2]. A main problem affecting arable land excessive salinity of soils, among other stress fadib.
nowadays is their increasing salinity and still there are not Quinoa is able to accumulate saltions in its tissues to control
well defined plant indicators that could be used by plant leaf water potential and thus, to avoid physiological damages
breeders to improve agricultural crops for their tolerance to [4]. The effect of salt on seed yield in two cultivars of quinoa
saline environment®]. Therefore, it is important to investi-  was studied and highly significant differences were found be-
gate plants known for their salt tolerance in order to under- tween cultivars and between cultivars and salinity lej]s
stand the mechanisms involved. TBkenopodiaceaamily The highest seeds yield was obtained at 15 mS'dNaCl for
both cultivars but cv. Utusaya had significantly higher yield
mpondmg author. Tel.: +54 381 424 7752x227: than cv. 03-26-0036. .It has also been observed that. seeds
fax: +54 381 587 0049, of cv. Kcancolla germinate up to 75% at a concentration of
E-mail addressesigstad@arnet.com.ar (E.E. Sigstad). 57mScnt?! after 7 dayg4]. In this case they found better
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responses under moderate salinity than under lower electri-(V)—time (t) curves of germination were recorded after a sys-

cal conductance (10-20 mSc#). Other authors reported tem equilibration period of 30 min.

some alterations inthe levels of some primary metabolites and

of certain enzymatic activities during the primary stages of 2.3. Specific thermal power—time curves analysis

seeds cv. Sajama germination under high salinity conditions

[6]. After each experiment, thé—t curves were converted to

In view of this background we considered of importance specific thermal power (p)—time (t) curves of germination by

to study the effect of saline stress on the germination of means of a calibration constant obtained electrically and the

two cultivars of quinoa to understand the possible mecha- seeds oven dry weight. A Microcal Origin program version

nisms involved in their salt tolerance. In this sense, calori- 4.0 (Microcal Software Inc., 1991-1995) was used to aver-

metric experiments at the optimum temperature for germi- age multiple curves of a given experiment and to determine

nation, 24.7C, [7] in increasing concentrations of NaCl specific enthalpy values of imbibition and germinatidn,

were performed. Common cations and anions associated withand hg, respectively as the area under each curve between

salinity are C&", Mg?*, Na', CI-, SO;2~, and HCQ™. In 30 min and the corresponding time valueoftty) multiplied

some instances Kand NG~ may contribute to salinity, by 60smim?®. Values ofty were determined for each indi-

and when pH is greater than 9, 0 becomes an impor-  vidual seed that germinated at the end of the corresponding

tant anion[8]. Therefore, experiments were also carried out endothermic peaklO]. To determine differences between

where NaSQ, and NaCOgs solutions were used. As potas- treatments and between concentrations for a particular treat-

sium is the more common cation among plants and plays ment, a one way ANOVA and multiple comparison (Tukey

an important role in processes such as cellular enlargementand Bonferroni) tests were performed with the SPSS 9.0 for

metabolic homeostasis, germination, stomatal opening, os-windows program. Results reported (Alt, Ahg andAtg)

moregulation, and soidicity avoidance, among otH®is are the mean: S.D. of at least three replicates per treatment

germination experiments in KCl andbROy solutions were and thus, fifteen seeds to calculate the germination parame-

also performed to compare with results obtained in the corre- ters.

sponding sodium salts. To evaluate if transport of Naght

be through channels blocked by mercurial reagents, experi-2.4. Imbibition

ments were performed with Nar K* salts in the presence of

0.1 mM HgCb. Five seeds were weighed and placed in the bottom of the
calorimeter ampoules under the same conditions as calori-
metric measurements. After different periods of imbibition

2. Experimental during 420 min, time at which control seeds were 100% ger-
minated, seeds were removed, blotted dry with tissue paper
2.1. Plant material and weighed to determine the percentage of water uptake.

Results are reported as the mean of four replicates (+S.D.)
Seeds of quinoa (Chenopodium quinddld. cv. Robura as gg ! over initial air dry weight.

and cv. Sajama), obtained from the Experimental Station of
Patacamaya, Aroma Province (3789 m altitudé,|168g, 17 2.5. Determination of pH
latitude), Bolivia were used. Seeds were stored at 33% rel-
ative humidity (RH) and 8C and were continuously tested A digital thermo/pHmeter with automatic temperature
for their ability to germinate in water during the length of this compensation Altronix model TPA-IV and a flat pH elec-
work (1 year). Seeds in all experiments were pre-sorted by trode (Broadley James Corp.) was used. Seeds (100) were
hand and excessively small, large and damaged seeds werplaced to germinate in Petri dishes 1@ cm) over a filter

discarded. paper disk wetted with the desired test solution (1.8)cim
a germination chamber at 26. Measurements of pH were
2.2. Calorimetric measurements performed on the wetted filter paper disk prior to placement

of seeds (£0) and every 30 min during 240 min after the

A twin calorimeter of the heat conduction type with an seeds were set to imbibe. Results reported are the mean of
amplifier (100-0.0001 mV sensitivity) designed and built three replicates.
at Lund University, Sweden was used, and a Kipp & Zo-
nen BD40 recorder. Calorimetric experiments of quinoa
seeds germination were carried out at 2£7in increas- 3. Results and discussion
ing concentrations of NaCl, KCI, N&O,, K»2SO, and
Na;CO;3 solutions. In all calorimetric experiments five seeds Heat of imbibition of quinoa seeds mainly arises from
(20.0+ 2.0 mg) were placed in the bottom of the calorimet- the physicochemical interactions that occur between the seed
ric ampoule on a WhatmanNl filter paper disk wetted with  storage reserves (44.55% carbohydrates) and wWa@r
0.05ml distilled water or the desired salt solution. Voltage When salt solutions are used, rate of imbibition (reflected
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in the At; values) should be influenced by the osmotic ef- ability to germinate after 2 years. As Patacamaya Agricul-
fect caused by the salt whereas the specific enthalplg)(A tural Experimental Station does not exist any longer, we used
involved, should include water—seed storage reserves inter-a different seed collection to perform the pH measurements
actions and the effects, if any, caused by the ions. It is impor- during imbibition in distilled water, 100 mM NaCl and KCI.
tant to stress, that the time considered as the end of imbibitionIn parallel, we run calorimetric experiments of imbibition.
here is when thp—tcurve of quinoa seed germinationreaches  Fig. 2summarizes the results obtained. Values of pH after
its minimum value thus, whepdue to imbibition reaches a 2 h of imbibition are represented kig. 2B as the percentage
steady state aruldue to metabolism starts to incredsgl0]; below 100% from initial pH value (ApH) as a function of
thus, when all the active sites for water have interacted. salt concentration. Note again lowey;h in 100 mM KCI

Fig. 1showsAt; andAjh values as obtained for the differ-  than in 200 mM NaCl (Fig. 2A) which is probably related to
ent salt treatments plotted as a function of salt concentrationthe higher decrease of pH value in KCI than in NaCl after
for seeds of cvs. Robura and Sajama. Differences between the h of imbibition. These results indicate a higher efflux 6f H
means of the different treatments in both imbibition parame- which is probably related to the high affinity*Kkransport
ters are observed for seeds of cv. Robura Q05) whereas  mechanism.
no differences are observed for seeds of cv. Sajama. Withina Table 1shows values of specific enthalpy ¢, time
particular salt treatment\t; values as determined at concen- (Atg), and percentage (G) of germination as determined for
trations above 75-100 mM are significantly higher than for quinoa seeds of cvs. Robura and Sajama in the different treat-
control seeds of cv. Robura. Note thd; values in 100 mM ments. The difference from 100% germination of@wealues

NaCl and KCI and 75 mM Ng&BO, (curves a—cFig. 1A). for control seeds of cv. Sajama are due to both: abort and lack
Thus, At; values only reflect the imbibition rate as stated of germination as well as in 100 mM N&0O, and NaCO3
before which slightly decreases (highat;) with increas- whereas all other values reported are only due to abortion.

ing salt concentration. Values #fih do not show significant  Also, the S.D. values as determined foty are an indication
differences with respect to control with the exception of the of the uniformity of germination as was previously reported
determined value in 75 mM N&O4 which is higher (curve [10]. Note an improved uniformity an@ with respect to con-

¢, Fig. 1C). Striking is to observe the value afh as deter- trol when quinoa seeds cvs. Robura are germinated in 50 and
mined in 50 mM KCI and KSO4 (curves b and d, respec- Sajama in 100 mM NaCl. Values afgh as determined in
tively Fig. 1C) for seeds of cv. Robura significantly lower 50 mM NaCl, 33 mM NaSQOy, 50 and 100 mM NgCOs for

than the determined values in the corresponding sodium saltsseeds cv. Robura and 100 mM NaCl anc,88; for seeds
(curves a and c, respectivelyg. 1C). A similar but not sig- cv. Sajama are identical among them and with control val-
nificantly different effect is observed for seeds of cv. Sajama ues. This might imply that at these salt concentrations the
and 100 mM KCl with respectto 100 mM NaCl (curves b and metabolic reactions involved either with ion transport or with
a, respectively irFig. 1D) with p=0.06. Therefore, this ef-  asaltattenuating effectdo not existas was already observedin
fect might be related to the*Kcation. Influx of K normally the imbibition parameters. It is now generally accepted that
occurs through high affinity uptake systefti4]. To this re- for moderate to high external Naoncentrations the elec-
spect, we thought that measurements of pH could give as atrochemical gradient created by'#ATPase favors passive
clue but quinoa seeds loose viability after the years of stor- Na" entry [11,13]. Striking are the determineigh values
age[12] and in fact seeds of cv. Robura completely lost their in KCI for both cultivars that independently of concentration
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Fig. 1. Imbibition parameters plotted as a function of salt concentration for

seeds of cv. Robura: (A) time\t; and (C) specific enthalpyyjh and for Fig. 2. (A) Specific enthalpyhih, and (B) pH after 2 h of imbibitionApH,
seeds of cv. Sajama: (B) timaf; and (D) specific enthalpyihin (a) NaCl, represented as percentage bellow initial value for commercial seeds in: (a)
(b) KCI, (c) N&SOy, and (d) kSOy. NaCl and (b) KCI.
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Table 1
Average specific enthalpy (h), time (At) and percentage (G) of germination as determined for quinoa seeds of cvs. Robura and Sajama in the different salts
and salt concentrations

[Salt] (mM) cv. Robura cv. Sajama
—Ah@g?h Atg (min) G (%) —Ah@g?h Atg (min) G (%)

H>O 52.984+ 9.91 393 + 47 97 48.38+ 10.35 347+ 41 88
NaCl/50 53.91+ 7.14 412+ 32 100 - - -
KCI/50 67.50+ 13.38 464+ 39 95 - - -
NapSOy/33 53.48+ 12.28 408+ 52 88 - - -
NacCl/100 78.41+ 20.69 543+ 92 93 53.11+ 6.01 391+ 28 90
KCI/100 68.74+ 19.27 495+ 77 91 67.25+ 16.37 447+ 69 90
NapSO4/50 63.38+ 13.81 475+ 66 87 - - -
K2SO4/50 63.65+ 9.31 4914 42 100 - - -
NapCO3/50 51.53+ 11.31 393+ 30 100 - - -
NaCl/150 82.53+ 14.10 555+ 138 93 - - -
NapSO4/75 63.94+ 15.66 512+ 96 90 - - -
NacCl/200 - - - 66.55+ 12.34 493+ 63 93
NapSO4/100 74.85+ 24.06 620+ 136 93 72.16+ 9.75 470+ 38 83
Na;C03/100 50.37+ 11.74 395+ 79 93 53.60+ 8.65 378+ 33 80
HgCl,/0.1 70.11+ 25.95 458+ 78 93 55.54+ 8.07 388 + 48 83
NaCl-HgC}p/100:0.1 91.10+ 29.68 559+ 101 89 52.64+ 9.21 3944 14 73
KCI-HgCl,/100:0.1 75.10+ 25.08 545+ 117 87 - - -
NapSO,—HgCh/50:0.1 73.03+ 14.58 518+ 48 90 - - -

are similar among them and with the determined value in is associated with the —SH groups of cysteine which can be
200 mM NacCl for seeds of cv. Sajama and 100 mM NacCl for inhibited by the mercurial reagent. Therefore, we decided to
seeds of cv. Robura. Determined imbibition parameters pre-carry out experiments by using 0.1 mM Hg@i combination
dicted that a high affinity K transport mechanism might be  with 100 mM NacCl, KCI, and 50 mM NSOy to evaluate the
present. Apparently, seeds of cv. Sajama activate an equiv-possible existence of channels blocked by mercury involved
alent system, in terms of energy, for the influx of Nand in the transport of ions.

CI~ at 200 mM NaCl and seeds of cv. Robura at 100mM.  Table 1also shows the values akty and Agh in the
Anion uptake across the plasma membrane is normally ansalt-mercurial mixtures. Values akty are similar among
active process requiring co-transport with prot¢h3] and them and not significantly different from the values obtained
therefore Ct should be also considered in the energy term. in the corresponding salts for seeds of both cultivars. Val-
These results indicate that seeds of cvs. Robura and Sajamaes of Agh as determined in 100:0.1 mM KCI-HgCand
have different behaviour in NaCl but similar in KCI, N2Os NapSO;—HgCh mixtures for seeds of cv. Robura and in the
and probably NgSO4. Note the same\gh values as deter-  100:0.1 mM NaCl-HgGlfor seeds of cv. Sajama are similar
mined in 100 MM NaSOy for seeds of both cultivars. Also  to the determined value in 0.1 mM HgCénd not signifi-

note decrease@ values in NaSQy for seeds of both culti-  cantly different from those determined in the corresponding
vars with respect to control as well as above 100 MM NaCl salts. The value oAgh as determined in the 100:0.1 mM
for seeds of cv. Robura whereas an incredSalue is ob- NaCl-HgCh mixture for seeds of cv. Robura is similar to

served for seeds of cv. Sajama in 200 mM NaCl. Probably, the determined value in the corresponding NaCl solution. To
above 100 mM NaCl seeds of cv. Robura, suffer an internal better understand these results it is important to understand
osmotic stress caused by the salt that requires a regulatiorthe kinetics of the processes involved.

of water flux. In this sense, mobility of aquaporines inside Fig. 3 shows average\p—t curves of germination for

the cells and the differential regulation in the expression of quinoa seeds of cvs. Robura and Sajama obtained by sub-
these proteins have been reported when plants are subjectettacting from the average-t curves of germination control

to saline stresgl4]. Also, other authors working with roots  those in either HgGl(curve a, effect of HgG) or the corre-

of two cultivars of wheat under saline stress (100 mM NaCl) sponding salt (curves b, effect of the salt) and from the aver-
demonstrated that the proteins bearing —SH groups content ofage germinatiop—tcurves as obtained in the salt—-mercurial
the plasmatic membrane (PM P-SH) were lower with respect mixtures those in either 0.1 mM Hg&curve c, effect of the

to control for one cultivar and higher with respect to the other salt when HgCl is present) or the corresponding salt (curve
[15]. These observations were associated with lipid peroxi- d, effect of HCy when the salt is present). Note the similar
dation and reduced HATPase activity in the former and just  Ap values for seeds cv. Sajama in HgG@ind NaCl either
with higher H -ATPase activity in the latter cultivar. Previ- when compared with control seeds (curves a and b, respec-
ously, we have reported the existence of aquaporines duringtively, Fig. 3A) or with the mercurial mixture (curves d and c,
quinoa seeds germinati¢h6] after studying the calorimetric  respectivelyFig. 3A). This is consistent with the samgh
effect of a 0.1 mM HgGl solution. Activity of aquaporines  andAtg values as determined in the three treatments for seeds
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Fig. 3. Differences between average specific thermal powpj-time (t)
curves of germination of quinoa seeds as follows: (a) control and 0.1 mM
HgCly, (b) control and the corresponding salt, (c) salt—-mercurial mixtures
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salt for: (A) cv. Sajama in 100mM NacCl and cv. Robura in (B) 100 mM
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Fig. 4. imbibition curves for seeds of cv. Robura in (@ (b) 100 mM
KCI, (c) 100:0.1 mM KCI-Hgd, (d) 0.1 mM HgCp, (e) 100:0.1 mM
NaCl-HgCh and (f) 200 mM NacCl.

of this cultivar as shown ifable 1. For seeds of cv. Robura,
the curves ofAp—tthat represent the effects of Hg@ither
alone or in combination with NaCl (curves a and d, respec-
tively in Fig. 3B) reach a steady state after imbibition which
last until 290 min for HgCl itself. At 180 min, values ofAp
for HgCl, when NacCl is present increases until a new steady
state is attained at 300 min which last until 500 min of im-
bibition. The steady state for the effect of HgGturve a,
Fig. 3B) was previously correlated with differences in rate of
water uptake of seeds in water and in Hg[16]. To evaluate
if the steady state observed in curveHilj. 3B was due to a
similar phenomena, imbibition curves were performed.

Fig. 4 shows imbibition curves for seeds of cv. Robura
in NaCl and KCI and the corresponding salt—mercurial mix-
tures. A slower rate of water uptake is observed in 100 mM

75

NaCl (curve f,Fig. 4) after 90 min of imbibition than in the
100:0.1 mM NaCl-HgGImixture (curve eFig. 4); in the lat-

ter case rate of water uptake resembles that of the mercurial
solution. This difference is not observed when 100 mM KClI
is involved in the imbibition of seeds cv. Robura therefore,
the Apvalues due to the effect of Hg&lvhen NaCl is present
(curve d,Fig. 3B) must also reflect differences in rate of wa-
ter uptake of seeds between the salt—-mercurial mixture and
NaCl. Thus, the second steady state must be due to a higher
number of proteins bearing —SH groups as previously stated
for one of the wheat cultivarfd 5] which is consistent with

the higher value of\gh as determined in the salt-mercurial
mixture. Values ofAp in NaCl when HgQ is present for
seeds cv. Robura (curvelgig. 3B) indicate that this salt has
no heat effect on quinoa seeds during 458 min time, at which
seeds in HgGl germinate. This is probably because HgCl
blocks some influx of NaCl and thus, reducing the seeds in-
ternal osmotic effect that might be the cause of the reduced
water uptake at 100 mM NaCl.
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