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RESUM O — (Taxas de crescimento de raizes e de efluxo de prétons em pléantulas de arroz em ambiente de casa de vegetagéo). Foram
avaliados o crescimento e o efluxo de prétons (E,,*) emraizes de pléntulas de arroz (Oryza sativa cv. |AC 47) cultivadas sob as condigoes
de luz de uma casa de vegetacdo. Quinze dias ap6s a emergéncia, plantulas foram transplantadas para potes contendo 3,7 L de uma
solug&o nutritivacom 1,43 mmol N-NH,* L como fonte exclusivade nitrogénio, visando induzir quatro ciclos seqiienciais de acidificacéo
dasolucao, apartir deum valor de pH inicial de5,3. Os efluxos médios de prétons foram cal culados com base em periodos de crescimento
radicular de48 h(de0a 192 h). Asestimativasde E,,* foram obtidas apartir dos val ores cal cul ados para as Taxas de Crescimento Relativo
(TCR), expressas com base naérearadicular (AR), ou massafrescaradicular (MF), e das pendentes daregressdo linear da quantidade de
prétonslivres nasolugéo (U,") sobre MF ouAR. Os gradientes de acidificagéio (AU, "/AMF) foram melhor associados quando rel acionados
com MF do que com AR. As taxas de crescimento das raizes foram afetadas por flutuagfes de radiagdo fotossintética e temperatura
dentro dacasade vegetacéio e ndo serelacionaram claramente com osvaloresde E,,*. Todavia, foi concluido que quando existe umarel agéo
linear entre U,* e MF, as avaliacbes de E,,* expressas por unidades de MF, podem ser mais confiaveis do que aquelas expressas por
unidadesdeAR.

Palavras-chave: arearadicular, massafrescaradicular, taxade crescimento relativo, gradiente de acidificagdo

ABSTRACT — (Root growth and proton efflux rates of rice seedlings in a greenhouse environment). Growth patterns and mean proton
efflux rates (E,,") in roots of rice seedlings (Oryza sativa cv. IAC 47) grown under light conditions in a greenhouse environment were
studied. Fifteen days after emergence, seedlingsweretransferred to pots containing 3.7 L of nutrient solution with 1.43 mmol N-NH,* L™
as the sole source of nitrogen, to induce four sequentia cycles of solution acidification, starting with a pH value of 5.3. Mean proton
effluxeswere computed based on growth periodsof 48 h (from 0to 192 h). E,* valueswere estimated from val ues of relative root growth
rates (RGR), expressed asroot area (RA) or fresh mass (FM), and the linear coefficient of the regression of total free protonsin nutrient
solution (U,,*) on RA or FM. Total free protons in the solution and the acidification gradients (AU,;/AMF) were better related to FM
than to RA. Root growth rates were affected by photosynthetic irradiance and temperature fluctuations in the greenhouse, and were not
clearly related to E,* values. However, it was concluded that when alinear relation between U_* and fresh root mass is found, E,*
estimates expressed by FM may be more reliable than when expressed by RA units.

K ey words: root area, fresh root mass, relative growth rate, acidification gradient

I ntroduction

Active proton (H*) efflux linked to plasma
membrane H*-ATPase activity plays a central rolein
plant cell physiology (Michelet & Boutry 1995), taking
part in metabolism and growth, through processes such
ascytoplasmatic pH regulation, maintenance of turgor,
cell wall relaxation and polarity rise in growing cells
(Serrano 1989; Stileset al. 2003; Mantelin & Touraine

2004). From a nutritional perspective, since proton
efflux is an electrogenic process (Berbaraet al. 1995;
Lew 1996; 1998), it represents the most important
mineral nutrition mechanism in plants (Fernandes &
Rossiello 1995). It has been proved that if an excess
of positively charged ions is transported through the
plasmamembrane of root cortical cells, an equivalent
amount of positive charge should betransported to the
apoplastic domain, to avoid either intracellular
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depolarization or extreme pH fluctuationsin the citosol
(Raven & Smith 1976; Serrano 1989; Shabala &
Newman 2000). As a consequence, absorption of
positively charged ions, especially of those of high
metabolic demand, causes an acidification of the
rhizosphere, asaresult of the net H* efflux associated
with nutrient uptake (Fernandes et al. 1981; Smart &
Bloom 1998). This acidification modifies the
physiochemical properties of the root environment
(Luisi et al. 1983), which in turn affects biological
activities, nutrient availability and root growth rates
(Fernandes & Rossiello 1995; Francga et al. 1999;
Mantelin & Touraine 2004).

In a changing environment, under natural light
conditions, plant growth processes will change,
depending on metabolic energy availability. Under
favourable growth conditions, one can also expect
changesinroot H* efflux rates, associated with events
related to cellular growth and ion transport through the
plasmamembrane. In the present study our hypothesis
wasthat during short periods of time, in the exponential
growth phase of rice seedlings, it ispossibleto identify
functiona relationships between proton efflux ratesand
some root traits. To test this, rice (Oryza sativa L.)
seedlingsweregrownin nutrient solution, with N-NH
as sole source of N, to induce sequential cycles of
acidification in the nutrient solution. The extent of the
acidification was compared to variationsin fresh mass
and surface area of roots, in order to verify which one
offers a better base for the determination of proton
efflux rates.

M aterial and methods

Growth conditions — The experiment was carried out
in agreenhouse under natural light conditions. During
the experimental period, the relative humidity (RH),
air temperatures and Photosynthetically Active
Radiation (PAR) were monitored daily. Relative
humidity and air temperatures were registered with a
thermo-hygrograph (BENDIX, Friez Instrument
Division, model 594). RH varied from 50-60% (day)
to 93-100% (night). Air temperatures are shown in
Fig.1A. PAR measurements were taken three times
per day, in the form of Photosynthetic Photon Flux
Density, with a quantum sensor (L1-190 SB) coupled
to a portable radiometer (LI-COR 185, Li-Cor, Inc.)
(Fig. 1B). Rice seeds of an upland cultivar (IAC 47)
were surface sterilized with NaOCl 0.5% for 45
minutes, rinsed with deionized water (30 minutes) and
put to germinatein a substrate composed of a mixture

of vermiculiteand washed sand (1:1). After emergence,
the seedlings received a nutrient solution specific for
rice growth (Furlani & Furlani 1988) at half of its
origina concentration. Nitrogen (1.43 mmol N L) was
supplied exclusively in N-NH,* form, as (NH,),SO,.

Experimental procedure — Fifteen-day-old seedlings
were transferred to plastic pots containing 3.7 L of
nutrient solution at full strength. The solution pH was
adjusted to a basal value of 5.3. The treatments were
defined according to the time that seedlings stayed in
the test solution: 0, 48, 96, 144 and 192 hours. Every
48 hours, which corresponds to one root growth cycle
out of four, the pH was measured and the acidity
balanced by adding the proper amount of base (NaOH
0.1 N) in order to return to the basal pH value. At the
end of each 48 h growth period, three pots were
removed to measure the following parameters: total
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Figure 1. (A) Maximum (0O), mean (A) and minimum (O) air
temperatures (A), and photon-flux density of Photosynthetically
Active Radiation (PAR) (B), under greenhouse conditions during
the experimental period of rice seedling cultivation. m 9:00 h;
A 12:00 h; @ 15:00 h.
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root area (RA, cm?), using an electronic area meter
(L1-COR 3000) (Rossiello et al. 1995), fresh and dry
root weight (FM or DM, @), and maximum seminal
root length (SRL, cm). Fresh rootsweredried at 70 °C
in aforced air circulation oven until constant weight
was reached. Except for SLR, all the values were
expressed on a4 plants pot* basis.
Calculation of H* efflux « root area! — The
instantaneous net H* efflux of aroot system contained
in a known volume can be approximated by the
following equation:

1 du,.

O RA  dT

)

where: E* = efflux (umol cm h?); U * = total free
proton in nutrient solution (umol H* pot?); RA = root
area (cm? pot?) and T = time (hours). Equation (I)
involvesalot of uncertainty, dueto (1) axial variation
of H* influx-efflux intheroot apex (Miller et al. 1986;
Berbaraet al. 1995; Plassard et al. 1999), (2) technical
difficultiesrelated to H* activity determination in the
root surface (Ryan et al. 1992; Plassard et al. 1999)
and (3) the inaccuracy of root area quantification
(Rossiello et al. 1995). For thislast reason, root E " is
frequently better expressed per FM or DM than per
RA units. However, an analytical solution for equation
I is:

g _LnRA,-LnRA, Uy -Uy ()
: Tz - T1 RAz - RA1

Thisequation expressestheintegration of equation
(1) for agiven time interval (T, - T,), since a linear
relationship can exist between U, * and RA. The first
term on the right side of equation (I1) represents the
Relative Root Area Growth Rate (RGR,,
cm? cm? ht). The second (AU /A, pmol H* cm?)
represent the slope coefficient of aregression between
U," and RA. The U * value was calculated as the
product of the H* concentration (mol L, from
measured pH) and the volume of the solution.
Potentiometric pH measurements were made directly
in the solution, by taking out the roots and mixing for
60 s with a glass stick. The same equation (I1) was
used to estimate E,* on a fresh root mass basis, by
substituting RA by FM in theregression analysis.
Statistical analyses— The experiment wasarranged in
an entirely randomized design, with five treatmentsand
three replicates. Experimental data were normally
distributed (Lillieforstest) with homoscedastic residua
variance (Cochran test). Significant mean differences
were determined using a Tukey test (P < 0.05). All
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statistical analyseswere performed using Systat v. 8.0.

Resultsand discussion

Environmenta conditions—Thethermal characteristics
of the glass cover led to increased heat inside the
greenhouse during daytime. During the first 24 hours
maximum air temperatureswere around 40-42 °C while
minimum temperatures were around 20-22 °C
(Fig. 1A). Photon-flux density (PAR), measured at
canopy level, at midday, was about 1900 pmol m?2 s
(Fig. 1B). Forty-eight hours after the beginning of the
experiment cloudy skies were prevalent; thisresulted
in decreased PAR, especially at midday. That also
contributed to keeping mean air temperatureswell over
30°C.

Root growth — Tab. 1 showsthe variation of RA, FM,
DM and SRL values during the 192 hours of the
experiment. For all measurements there was a
progressive time-dependent increase, which was an
expression of root growth, which isconsidered, at the
cellular level, as an irreversible expansion in volume
(Hsiao et al. 1976). In fact, the closest substitute of
root volume, the fresh mass (FM), isamore sensitive
indicator of root growth progression than are RA or
SL. The four growth periods could not be clearly
separeted by DM (compare statistical significance
levels, Tab.1). Figure 2 shows RGR values based on
RA or FM. RGR_, varied among the four growth
periods (Fig. 2A). The decrease observed between 96
and 144 hours (a reduction of 66% when compared
with the precedent period) was significant (P < 0.05)
and it cannot be clearly explained, but it wasfollowed
by a recovery of the RGR in the subsequent period.
Mean RGR_,, declined in acontinuousway during the
experiment, and the rate in the 144-192 h period was

Table 1. Variation of root area (RA), fresh mass (FM), dry mass
(DM) and seminal root maximum length (SRL) of rice seedlingsin
relation to time spent in nutrient solution.

Time RA FM DM SRL
(h)  (cm? pot?) (g pot?) (cm)

0 870 d®  0.095 e 0.017 d 8.68 d
48 19.92 d 0.185 d 0029 cd 1004 cod
% 48.23 ¢ 0.303 ¢ 0040 bc 1134 ¢
144 64.70 b 0.474 b 0053 @ 1340 b
192 12240 a 0.686 a 0067 a 1818 a

@ Values are means of three replicates. Within a column, means
followed by the same letter did not differ significantly by Tukey’'s
test (P < 0.05).
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44% lower than the value observed in theinitia growth
period (0-48 h, Fig. 2B). Suchvariationsin RGR, around
a constant medium value, typical of the exponential
growth phase, should be attributed to environmental
fluctuations. High temperature and PAR levelsduring
the initial period could have stimulated greater
absorption of NH,*, but also could have accelerated
respiration rates, mainly in the shoot (Fernandes &
Rossiello 1995). As aconsequence, less carbohydrate
would be exported to the roots, where, in addition, the
NH " assimilation process consumes carbon skeletons
that otherwise could be used in cellular growth
processes (Silva et al. 1987).

H* efflux — Tab. 2 shows the pH values, measured
every 48 h, at the end of each one of the four cycles of
solution acidification. Inthefirst 96 hours, thelevel of
acidification per period was similar, suggesting that the
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Figure 2. Relative Growth Rate (RGR) of rice seedling rootsduring
four sequential growth cycles of 48 hours, in nutrient solution,
expressed as (A): Root Area(RA); or (B) Fresh Root Mass (FM).
Means followed by the same letter are not significantly different
by Tukey’s test (P < 0.05).

Table 2. Measured pH variations and calcul ated total free proton
(U,") in nutrient solution, in each 48-hour cycle of rice seedling
root growth.

Time pH solution A pH® U,
(h) (Hmol pot?)
0 530+ 0.02 &2 1754
48 487+0.04 b -0.43 47.21
9% 4.86+ 0.09 b -0.44 48.54
144 4.46+ 0.06 ¢ -0.84 120.80
192 429+001d -1.01 182.00

®Difference between the measured pH at a given time period and pH
at time 0. @Statistics as in Table 1.

high temperaturesand radiation level sprevalent in the
initial period (Fig. 1) probably limited U ,* in the second
period (48-96 h). In spite of thisfact, the relationship
between U * and RA or FM showed a fair linearity
(Fig. 3).

U,* was better correlated to FM (Fig. 3A) than
to RA (Fig. 3B). Using the values of the respective
slopes (279.43 pmol H* gy or 1.44 pmol H* cm2,)
and of RGR,,, or RGR_, (Fig. 2) in equation (I1), itis
possible to calculate values of E * for each of the
growth periods. Tab. 3 showsthat the values oscillated
between 0.02-0.046 pmol H* cnr2 h't or 2.8-6.0 umol
H* g, h, with minimum values in the 48-96 hour
period. Batista et al. (2000), using a different
approach, reported that in 25-day-old rice seedlings
grown in anutritive solution of the same composition
and with an equal concentration of N-NH,* used in
the present study, mean root H* effluxes ranged from
5.19 to 13.0 pmol cm? s?, after a growth period of
6 h. These values are very similar to those shown in
Tab. 3, where, in equivalent units, E,* values ranged
from 5.58 to 12.69 pmol cm s™. It is interesting to
observe that the values found by Batista et al. (2000)
arerelated to two upland rice genotypes that were not
genetically improved, which is not the case in the
present study. Scott Russell (1977) observed that in
nutritive solution, monocot nutrient uptake could be
more closely related to root volume (RV) than to root
length or root area. In the same way, we can infer that
aroot H* efflux originating from an excess of cation
over anion uptake can also be well determined when
related to FM or directly to RV. Arruda et al. (1983)
observed that pH variation in nutrient solution, induced
by NH,* uptake in Brachiaria decumbens roots, was
related to RV but not to root DM. Another interesting
interconnection comes when considering the great
increase in seminal axis growth rate (2.5 cm day™?),
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Figure 3. Regression lines of total free protonsin solution (U,*)
on (A) fresh root mass or (B) root area of rice seedlings. Values
are means of threereplicates.

Table 3. H* efflux rates (E,*) in each 48 h period of rice seedling
root growth, expressed per unit root area (RA) or fresh mass

(FM).
Time ES
(h) pmol H* em h™  pmol H* g, h™
0-48 0.0457 458
48-96 0.0201 2.84
96-144 0.0383 5.62
144-192 0.0379 5.96

which occurred in the period corresponding to the
extreme acidification of the solution, suggesting a
stimulating effect of pH decrease on root elongation.
Camargo et al. (1993) obtained a different result with
alowlandricecultivar (IRGA 409) grown in Hoagland
solutioninacontrolled environment. In their study SRL

29

and RA were significantly less at pH 4.0 than at pH
6.0, showing that in rice, root growth responsesto H*
stress are genotype-dependent. Preci se measurements
made with vibrating microel ectrodes have detected an
H* net influx region (or negative efflux) near the root
tip (Ryanetal. 1992; Berbaraet al. 1995). E " positive
valuesare associated with moredistal regions (Berbara
et al. 1995), where cations such as NH," and K* are
apparently absorbed without restriction by the whole
root system (Scott Russell 1977). However it should
be mentioned that SRL values showed high variability
within the same pot. Because of this fact, the root
absorptive power cannot be well estimated by SRL
measurement, the choice of this root trait is
questionable as a basis for computing values of E*
representative of the whole root system.

From a more practical point of view, Glass et al.
(1981) showed that E,* evaluations are useful as a
screening method for the isolation of K* uptake
efficient barley genotypes, suggesting that a similar
approach could be applied to rice. Our work shows
that, in young rice seedlings, estimates of root proton
efflux can be expressed accurately in terms of fresh
mass units, avoiding the determination of root surface
area, a trait of larger variability. The calculation
procedure of E " used in thiswork, based on sequential
cyclesof acidification, can be developedin greenhouse
conditions since the fluctuations of light and
temperature are regular enough to avoid abrupt effects
onroot growth rates. Under these conditions, and using
growth periods of 48 hours, a linear relationship can
be obtained among total protons in solution and the
fresh root mass.
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