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GROWTH AND WATER ABSORPTION OF WHEAT
WITH PARTS OF THE ROOTS AT DIFFERENT
WATER POTENTIALS

By D. W. LAWLOR
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SUMMARY

The growth and water transport of wheat plants was measured with the root system divided
into two equal parts and grown in solutions of different osmotic potential. Growth of roots
decreased with decrease in osmotic potential and stopped at — 1o bar, but solutions of high
osmotic potential, available to part of the root system, did not significantly influence the growth
of the other part of the root system when the osmotic potential was small. However, it did allow
greater growth of leaves and faster transpiration rates, because plant water potential was not
greatly decreased. The rate of water transport slowed with decreasing osmotic potential but
with part of the root system under stress absorption from solutions of high potential increased.
The resistance of the parts of the root system and plant increased, approximately logarithmi-
cally, with decreasing leaf water potential from —4 to —17 bar. Roots are influenced by the
potential of water at their surface, but a decrease in water absorption by part of the root is
compensated for by an increase in water absorption by other roots.

INTRODUCTION

In field conditions the roots of an individual plant grow in soil which varies in water con-
tent and water potential both in space and with time. This makes it difficult to relate
growth and water use to an average soil water potential. Growth of the whole or part of
the root system may be restricted, and so influence the top growth of the plant by de-
creasing the absorbing area of the root and consequently water and nutrient supply.

The inter-related effects of different water potentials acting within a root system, on
root and shoot growth, plant water potential and water transport have not been studied.
Newman (1966) showed that growth of individual roots was a function of the water
potential () of the soil in which they grew, but Lawlor (1972) found in drying soil that
roots grew not as a function of the soil water potential but of plant water potential (y/,).
Newman’s data suggest that resistance to water movement in the plant was sufficiently
large to prevent the water potential in the root attaining equilibrium with the water
potential of the plant even with small rates of water loss, while Lawlor’s data imply that
the resistance was small. Slavikova (1967) studied the effect of soil water potential
around one part of the root system of tree seedlings on the water potential of other roots
in different soil water conditions. The water potential of roots growing in dry soil
depended on the water potential in the wettest part of the soil and was only slightly
different from it, again suggesting that resistance was small. Thus, it is expected that the
water potential in the root (1/,) will follow 1/, most closely, and that roots will grow very
similarly in soil of different 7.
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298 D. W. LaAwLoOR

Because of the importance of the roots and the apparent contradiction in the literature,
a study was made of the effects of different water stresses applied to parts of the root
system on root and shoot growth. Plants, with roots divided into two equal parts were
grown in nutrient solution or polyethylene glycol (PEG) solutions in separate containers
with a different osmotic potential solution in each container; water absorption, total
water loss and growth were measured at approximately constant root-surface water
potentials. Plant resistances were estimated from the water flux and water potentials. The
rate of transpiration was approximately the same in the two experiments described, but
the size of the root systems was different.

IMIATERIALS AND METHODS

Wheat (Triticum aestivum L. var. Kolibri) was germinated in distilled water at 20° C.
When the seminal roots were 5 cm long the primary root was cut off at the base of the
coleoptile and the two lateral primary roots placed one in each of a pair of joined glass
test tubes (1.6 cm inside diameter x 15 cm long) containing Arnon and Hoagland solution
(see Lawlor, 1969). In expt I all lateral roots were allowed to develop but in expt IT all
roots except the first pair of lateral primaries were cut off, thus producing large dif-
ferences in root length between the two experiments. The seedlings were retained in a
notch 1 cm wide and 1 cm deep cut into the top of the tubes and secured to a support;
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Fig. 1. (a) Diagram of the split root containers. (b) Resistance network analogue of split root

plants. ¥, leaf water potential, 7., external osmotic potential, R, resistance to flux, I. L, and

R are left and right root; Ry is the total resistance. (¢) Diagram of the root apex: m, meris-

tem; z, cell expansion zone; x, xylem elements. (d) Resistance network analogue of the root

apex. Rp, Ry, R, and R, resistance of plant, root surface, meristem and expansion zone and

meristem. Iy, Iy and F, were flux into the meristem, xylem and through the plant. ., ¥,

and 1/, water potentials of meristem, elongating zone and xylem.
the containers were closed with foam rubber (Fig. ra). The plants were grown in a con-
trolled-environment room at 20° C, 70%; relative humidity (expt I) or 20° C, approxi-
mately 60% relative humidity (expt IT) with a 16-hour day at 130 W m ™2 light intensity.
Night conditions were 15° C and approximately 859%; relative humidity. At the start of
the experiment when either the fifth leaf (expt I) or the fourth leaf (expt IT) was emerging
the solutions were replaced with nutrient solution (—o.3 bar) without —PEG (C), or
with —5 bar or —10 bar PEG gooo P solutions (Lawlor, 1970). The solutions were
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combined to give the combinations C/C, —5/C, —10/C, —5/—5, —10/—100r —5/—10
(left-hand chamber/right-hand chamber) and were replicated four times. Tubes without
plants were used to estimate evaporation from the solutions.

The chambers were filled to a reference mark 1.5 cm below the notched rim, to prevent
the solutions siphoning from one side to the other. The total weight of the containers was
recorded twice daily; the volume lost from each chamber was measured by replacing it
with distilled water from a burette. The length of the youngest leaf was measured from
a reference mark twice daily. Containers were covered with black polythene sheet.

At the start of the experiments plants were harvested, fresh and dry weights and leaf
area were measured and root length, by hand or using Newman’s method (Newman,
1966); root diameter was measured on a sample of roots taken at random. After 1 week
the remaining plants were harvested. At least 3 hours after the lights were switched on,
the stems were cut below the oldest leaf blade and the youngest leaves (those less than
half emerged from the leaf bases) were retracted into the sheath before the water potential
was measured with a pressure bomb. By this method only the water potential of
the older transpiring leaves was measured.

RESULTS

The growth measurements in expts I and II are given in Tables 1 and 3 respectively.
T'ranspiration and water absorption measurements in expts I and II are given in Tables 2
and 4 respectively, together with the calculated values of water entry into the root surface
and resistances.

Water transport

Transpiration decreased as the osmotic potential decreased; stress on part of the
root system decreased the transpiration from the plant although the other roots were at
high osmotic potential. The rate of transpiration per unit leaf area of the control plants
was slightly faster in expt I and the decrease caused by increasing stress greater in expt I1.
Water absorption per unit length of root and per unit area of root surface was about three
times greater in expt II than expt I because the root systems were much smaller. Stress
imposed on one part of the root decreased its water absorption but increased the absorp-
tion of water from solutions of greater osmotic potential by the other roots. The total loss
from the whole plant per day decreased with increasing stress, even if part of the root
system was in nutrient solution. Plant water potential decreased with increasing stress but
a solution of high osmotic potential available to part of the root system offset the effects
of a solution of low potential. In both experiments with some roots in —10 bar solution
and the remainder in nutrient solution, the measured plant water potential was greater
than —10 bar although water was lost from the —10 bar solution.

Plant growth

In both experiments extension growth of the youngest leaves decreased with
increasing stress. A small osmotic potential around one part of the root system decreased
leaf extension growth and leaf area compared with growth in nutrient solution. When the
roots were in solutions of different osmotic potential, growth was intermediate to that
with both parts of the root system in either solution alone. Stems responded to differen-
tial stress similarly to the leaves, but even with the most severe stress some growth in dry
weight occurred, although the fresh weight decreased.



301

Growth and water absorption of wheat

*(uorssnosi(y 29s) [er3usjod Iojem Jo juarpeid jo uolsiaauy ¢,

Lo 100 [ Sz'o Fas
zI (34 3S9AIRY [enIU
9€'S S€L  og'S T2 2l 2'ZI — f1°0 Lz'1 €zo'o +9S'0  foo'o zgo'o  Sr oz oo fex o1 — S—
€9 o'lgr o'Lgr og o€ o' S1— z0'0 9o'o 610'0  fzo'o zoo'o  fooo St 21 €o'o €o'o o1 — o1 —
£¥1 Sz¥ f1'g ot  o¥ 06— $i°6 g€ t6z'0 olz'o €foo €zo'o 6z 61 60  +¥o S— S—
€5 £5'1 = LS o't— og— gz'o vL€ 009’0 foo'o 1900 Soocoo 19 oz £LE 100 9] o1 —
6L0  g¥1 9L'1 o'g g1 €9— 1€0 +g¥ S99'0c  gof'o +tloo  +Efoo 9S8 2z or't t¥lo 5 S—
zto Sert €11 oy ot Er— 9€0 vLl9g 65%'0 9190 oSo'o  ggoo +g 2§ 12°€ £5°€ D )
oL 3 T sy e Ew_m Bl WA T BRI YT WAL Wl By yel
(1~ 4ep ,_umw 3)
(1eq) (;—4ep  (;—A4ep 8) ! uomwh:m (y—£ep ;_u B)
(1eq) [enuslod ,_wo 3) SSO[ 3001 BaIR y33ua] 1001 (;— Lep 3)
(-8 Lep 1eq) juatpeid Ialem  93BI UOT) IaeMm run 1ad jun 1ad (;wo) Toquieyo 1ad uonn[os jo
9JUBJSISAT JUBJ [e1u210J Jeo] -endsuery, [ejo],  oyeidn 1ojpy  oyejdn 193eA\  [Sud[ 300y  overdn IoepN  [eniusjod aiows(
(11 19x2) sua3sis 2004 13ds ynaz spuvyd 10/ $20UD1$153.4 P2IVINADI PUD 140dSUDAY 427D M Y oIqe],
€z'0 14 14 z€ S zz Sl-o 1z0 FqA'S
2L g€ > oz £S 1€ Sz1 6€ §S1 Lg Lo or— S—
€L ¥ g L1 91 of o6 61 ol od 0o OI— oI—
oL €€ L€ 6% of €€ St1 s¢ 61€ £6 Lo S— S—
g (4] € YL e o¥ 102 6% 162 €€ (2§ A o1 —
Lg €8 € 19 S 6¢ o1z S 11€ 9'S1 Y1 %) S—
z'oI 6t €S 2L oL 1£] tof €9 oot S'gr Lx 5) 5 1S9AIRY TBUIL]
69 9°€ €€ se L& tz Liex €z €1 6'9 - 1soAley enIuy
(Bua) sy ¥I o wyEn 3] (Bur) (Bu) (8u) (Bur) (fwo)  (;_4Lep wo)  3ySny 3o
1ySam K1p (Bux) (Bua) 1ySrom 1ySrom 1ySrom 1ySom BalR UoISuaIxa uonnjos jo
3001 [e30 1. 3y3rom L1p 300y

Y31 Usa1y 3100y AIp walg  ysaiy walg  AIp Jea]  ysaxy Jeorg JeaT  Jes[ Jo ayey [erauajod onjows(
(17 1dx2) swapsds 1004 1yds yno spuvpd waym uo spuawamsvaw 1520y [ourf puv (oraug € dqe],



302 D. W. LAwWLOR

With solutions of the same osmotic potential on both sides of the root system, in-
creased stress decreased the length and fresh and dry weights of the roots in both experi-
ments; growth stopped at —10 bar. A solution of high osmotic potential available to one
part of the root system apparently compensated partially for increasing stress, particu-
larly at —10 bar although not significantly because of the variability of root development.
Total root length decreased because both growth of existing roots and production of
lateral roots decreased; —s5 bar stress decreased lateral production by 609 and none
developed in —10 bar solution. The effect of stress on growth of lateral roots was not
offset when some roots were in solutions of higher potential.

DiscussioN

In Fig. 1(a, b) a plant with a split root system is represented by electrical resistances. The
external osmotic potential of the solution, 7, (bar) is known, as are the fluxes of water, F,
(g day ') and leaf water potential, i, (bar); Fyon = Fy+Fy where subscript L and R
refer to left and right root. The resistance to water flux Ry or Ry (bar day g~') can be
calculated from:

; l//I — T

F = T
and the total resistance, Ry (bar day g~'), from:
1 _ 1.1

Ry R Ry

The calculation of resistance is based on the average rates of water loss and the water
potentials measured at the end of the experiment during the period of maximum trans-
piration. Preliminary experiments showed that the water potentials measured during the
light period were constant, within the error of measurement, and the water potential is
accepted as a correct estimate. The average water potential during the dark period was
about 0.5 bar greater than in the light period for control plants and less for the stressed
plants. The water potentials measured are therefore good approximations to an average
value and the calculated resistances are also average values.

The resistances (Tables 2 and 4) of plants with split root systems at the same osmotic
potential were greater in expt IT than I, probably because the smaller root system had a
smaller pathway for water flux. Increasing water stress on both sides increased the plant
resistance greatly, but again most in expt II. This contrasts strongly with Macklon and
Weatherley’s (1965) assertion that as water stress increased the resistance of the plant
decreased, although the changes in stress (7,) which they applied were less than 8 bar.
With both sides of the root system in solutions of different osmotic potential the re-
sistance of the separate pathways was not the same as that from plants grown with both
parts of the root in either osmotic solution alone. In the —10/C treatment the apparent
inversion of the water potential gradient precluded any calculation of resistance. This
cannot be reconciled with the loss of water from —10 bar solutions when the other roots
were in nutrient solution and leaf water potential was greater than —1o bar. The magni-
tude of the reverse gradient is large and not due to errors in estimating leaf water poten-
tial. It suggests that there is a large resistance between parts of the root system and root
and shoot. Possibly the correction made to the water flux data to allow for evaporation
from the solution, rather than through the plant, under estimates water loss and there-
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fore over estimates the movement through the plant. Water loss from the surface of the
root could contribute to the error. In expt II the estimated flux of water was very small,
but was greater in expt I.

There is no evidence from the data, of transfer of water from solutions of high poten-
tial to low potential, but it cannot be precluded as there is no independent estimate of
transpirational flux. However, after a period of low transpiration there was no net transfer
of solution from a higher to a lower potential, even in the —10/C combination, suggesting
that in these experiments the rate of transport through the roots was negligible.

With part of the root system in solutions of low osmotic potential there was an in-
crease in resistance of the pathway from the control solution to the leaves because,
although the total amount of water absorbed increased, the plant water potential de-
creased creating a proportionately greater gradient of potential. Fig. 2 shows the relation
between resistance of the separate parts of the system, total resistance and leaf water
potential; it is approximately logarithmic. R was small between —4 and —r12 bar but
increased greatly at smaller leaf water potential. This agrees with the observation that
whilst leaf water potential was greater than —r12 bar the plant was able to survive
(although growth had almost stopped at the lowest potentials) but died at smaller leaf
water potentials. Death occurred when the water potential was approximately that at
which turgor potential of wheat leaves became zero, corresponding to the point at which
growth stopped (Lawlor, 1969). Michel and El Sharkawy (1970) calculated that Ry of
plants with split root systems increased with stress; the values of R were similar to those
which I have calculated. Kirkham, Gardner and Gerloff (1969) showed that R of plants
grown with split root systems in saline media increased with stress, but concluded it was
probably an effect of salt entry into the plant.

Root growth responded to the water potential of the medium around the root, although
there is an indication that roots in solutions of high water potential may compensate for
the inhibitory effects of low water potentials in another part of the root system. This
supports Newman’s conclusion (1966) that growth of flax roots depended on the soil
water potential close to the root tips. It seems therefore, that root growth is most
directly controlled by the potential of water in the medium, whether the rates of evapora-
tion are small as in Newman’s experiment or larger, in culture solutions. Slavikova (1967)
found that the water potential of root tips of 5-year-old ash trees in dry soil was always
within +1 bar of the water potential of wet soil around the bulk of the root system.
Even with much drier bulk soil the water potential of the two branches did not differ by
more than g bars. This apparent contradiction may be caused by the small demand for
water made by the roots in dry soil on those in wet soil, and small resistance to water
transport through the vessels of large roots, compared to young wheat roots. Lawlor
(1972) showed that root growth was a function of plant water potential and was not
dependent on the water potential of the solution in which the roots grew. I now consider
this an incorrect result, caused by measuring root growth through transparent containers
where they are subjected to atmospheric conditions, quite unrepresentative of the soil,
particularly during a drying cycle when the soil shrinks away from the container walls.

Fig. 1(d) represents, in electrical resistance notation the situation existing in a growing
root shown in a simplified diagram (Fig. 1c). The meristem (m) and the zone of cell
expansion (z) are supplied with water (F,) from the medium. In conditions when
Y, is smaller than r,, the flux is toward the leaves. The supply to m and z takes place
through R,, which is the resistance of the tissues. Water is absorbed over the whole
root surface through resistance Ry to supply the evaporative demand. When =, is

G
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smaller than 1y, water tends to move in the reverse direction and the zones m and z attain
a smaller water potential depending on the rate of removal through R, R, and R;.

If R and R, are large in comparison to R, and the supply to z and m will not offset
demand, the root desiccates and growth decreases.
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A better understanding of the relationship between plant water potential, medium
water potential and root growth must therefore involve measurement of y,,, or i, and the
fluxes into m, z and the transpiration flux.

/, may be estimated if the relation between growth and =, is known when there is no

transpiration. Comparison of growth rates from transpiring plants with split root systems
at equal osmotic potential with those of plants with roots at different osmotic potential
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can then indicate the value of ,. An attempt to do this with the present data and the
growth curve for young non-transpiring wheat seedlings indicates that 1/, is not more
than 1 bar greater than n, at —s5 bar and about 2 bar greater at —10 bar. Therefore, the
resistance between meristem and zone of elongation and the main body of the plant is
large enough to preclude attainment of equilibrium.
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