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Expansive growth of leaves of a plant defines the size of its canoflowing aqueous solution (Frensch and Hsiao, 1995). There C was
for capturing sunlight and carrying out photosynthesis. Expansivassessed to be large relative to m. On the other hand, studies have
growth of roots defines the volume of soil that the plant explores fopointed to conductance as a major factor limiting growth of cells in the
water and mineral nutrients. The two organs, however, compete fetem (hypocotyl) of soybea[ycine maxL.) Murr.] seedling with
assimilates produced by the mature leaves, and for minerals and waterots in water-deficient vermiculite (Nonami and Boyer, 1990). In that
Yet they are coordinated in size, and their sizes relative to each othease, the low conductance of the radial path between the xylem and the
change dynamically in responses to environmental conditions, in growing cells was attributed to a layer of small ceB90um thick
manner expected for the optimal utilization of assimilates and otheseparating the ring of xylem vessels from the cortical and epidermal
resources (Wilson, 1988). How the coordination is achieved remaireells (Nonami et al., 1997).
to be clearly delineated in spite of recent progress in our understanding For simplicity, the remaining part of this paper will discuss growth
of expansive growth. Here | outline and highlight some of the recennostly in terms of the parameters in Eq. [1]. Conductance4and
advances in the study of expansive growth in general, and address tiradient will be mentioned, however, where relevant.
possible mechanisms coordinating the growth of the two organs, with
emphasis on the more physical aspects. In addition, the ecophysiologi- RESPONSES OF EXPANSIVE GROWTH TO
cal and practical implications of the dynamic changes in the relative WATER STRESS
growth of roots and leaves are outlined. | will be drawing heavily on
our own work, so the review will be largely from a personal viewpoint, In terms of growth physics and associated processes, more is

and does not pretend to be comprehensive. known about roots than about leaves. Some of the more interesting
recent results with roots are discussed first, followed by a brief review
LOCKHART EQUATIONS of results with leaves for comparison.

Growth of leaves has long been known to be highly sensitive to

Expansive growth may be defined as the irreversible enlargemeinthibition by water stress (Boyer, 1968). Root growth, on the other

of cells or organs. The enlargement refers specifically to the overatland, is more resistant (Westgate and Boyer, 1985). This differential

dimensions of the cell wall. A common way to view the more physicatensitivity is illustrated with some maize data obtained in our labora-

aspects of expansive growth is in terms of Lockhart equations (Lockhatgry (Fig. 1). The leaf elongated at a maximal rate in the well-watered
1965). One equation of Lockhart expresses the rate of relative increasentrol, with¥ of the growth zone higher than —0.8 MPa. Elongation
in volume of a cell as the product of its turgor pressiiedbove a  was reduced when growth zo#evas reduced by a few hundredths of
minimal yield threshold turgor pressure (Y) and a coefficient ma MPa, and stopped wh&hwas reduced by 0.3 MPa, to a value of

termed volumetric extensibity' —1.05 MPa (Fig. 1B). For roots in vermiculite, elongation was also
reduced by small reductions in medidn(Fig. 1A). Upon further
th m(ll’ - ) [1] reductions inW, however, root elongation was less affected, and

where Visthe cell volume and tistime. Eq. [1] emphasizes the fact that
Y, must be above the threshold value of Y for the cell to grow. Implicit
in Eq [1] is the role of water potentia#) and solute (osmotic)
potential () in determiningy,, and the role of cell wall physical
properties (plasticity), and, indirectly, metabolism, in determining m= = 3
and Y. Although there is often atendency toviewmand Y as constant%
it has long been recognized (Acevedo etal., 1971; Green, 1968; Greefy
and Cummins, 1974) that they change in response to changes in watgr o |
status of the growing organ. In fact, their changes provide additionalg
means for the plant to adjust the growth of its organs to changes |rg,
water status (Hsiao et al., 1976). | i
To take into account the need for the continuous transport of wate'l‘J fl |
into the cell to maintain growth, Eq. [1] is combined with the standard

A B -

Root 17 Leaf

equation for water transport in terms of the overall hydraulic conduc- : ﬁ
. O . . . 0 N L L L ) L '
tance of the cell (C) and the gradientbdiriving the uptake, yielding: o o5 o s 20 o8 0 s
% = m+:C (qu -, —Y) [2] Vermiculite ¥ (MPa) Growth zone ¥ {MPa)

whereW° is W of the medium surrounding the growing cell or of the Fig. 1. Longitudinal growth of roo&) and leafB) of maize at 29 °C as affected
source of water, and.is solute potential within the cell. Clearly, when by water potential'p). In (A), etiolated maize seedlings were planted in
C>>m, m + C becomes C and cancels the C in the numerator, and Eq. well-moistened vermiculite in a constant temperature chamber, transferred
[2] reverts to Eq. [1]. Anillustration of a situation in which the simpler  to vermiculite wetted to the indicateti30 h after planting, and the growth

Eq. [1] instead of the more complicated Eq. [2] is adequate to describe ate of their primary roots was measured after growth had become steady

; ; ; ; (ranging from 15 h fo¥ =—-0.03 MPa to 48 h fé¥ = —1.7 MPa). Modified
growth is the case of cells in maizéeg mayd..) roots bathed in a from Sharp et al. (1988). IB], maize seedlings were grown in a potting

mixture in a controlled environment chamber until the fifth leaf emerged,
then watering was withheld and elongation rate of the fifth leaf was
Received for publication 15 Sept. 1999. Accepted for publication 18 Oct. 1999. monitored with a position transducer (linear variable differential trans-
This work was supported by Grants 91-37100-6671 and 96-35100-3200 of the former, LVDT). When elongation rate dropped to the desired level,
NRI Competitive Grant Program, U.S. Dept. of Agriculture. | thank Tony  segments 50 mm long encompassing the growth zone were excised from the
Matista for his indispensable help in preparing this manuscript.The cost of base of the leaf, atdwas measured by the Shardakov method’&,and
publishing this paper was defrayed in part by the payment of page charges. Y, by isopiestic thermocouple psychrometry at 29 °C after freezing and
Under postal regulations, this paper therefore must be hereby nzatkexd thawing. Elongation rate was measured 10 to 15 min before excision.
tisemensolely to indicate this fact. Modified from Hsiao and Jing (1987).
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continued at a reasonable rate even when meWiuvas reduced to  changing to an osmotic solution (sorbitol in 0 @aCl), turgor was
—1.9 MPa. Although thi&’ level is 0.4 MPa below the permanent reduced nearly proportionally, as quickly as could be measured, and
wilting point (-1.5 MPa), the rate of elongation was still more than ongrowth stopped. Within minutes, turgor began to recover and growth
third of that of the well watered control (Fig. 1A). To gain insight asresumed. The growth rate increased with time and recovered fully in
to the mechanism underlying the ability to grow under such low leveld5 min. Turgor, on the other hand, recovered only to a level 0.15 MPa
of mediumi, it is helpful to examine the dynamic changes when watebelow the value before the imposition of water stress (Fig. 2). The
stress is imposed suddenly. results are consistent with the concept of yield threshold turgor and the
In an early study, Acevedo et al. (1971) showed that upon aeed for turgor to rise above this threshold via osmotic adjustment for
stepwise reduction in root mediuthof 0.2 MPa, growth of leaves of growth to resume. At the same time, the fact that growth under the
maize stopped momentarily, then gradually resumed, reaching siress had recovered fully while recovery in turgor was only partial
steady rate about only one-half of the original rate. Later, KuzmanoBhowed that Y, and probably m, in the Lockhart equation must have
and Evans (1981) found that roots of lenttiéis culinarisMedik.) adjusted to sustain the same growth rate at a reduced turgor.
behaved similarly upon a stepwise reduction in medirbut the After 2 h of stress the medium bathing the root was changed back
growth rate recovered fully over time in the Iwnedium. Even after  to 0.1 nu CaCl. There was an immediate, steep increase in turgor, and
areduction of 0.7 MPa i, lentil roots recovered to grow essentially a burst of growth (Fig. 2). After the initial burst, however, growth
at the full rate after 50 min of adjustment. How was this adjustmerglowed to a level lower than that before stress, while turgor remained
achieved in terms of the parameters in the Lockhart equation? Eathygher. Similar results were observed in other experiments when
evidence (Greacen and Oh, 1972; Hsiao et al., 1976; Meyers agtdowth was suddenly accelerated several fold by a sudden increase in
Boyer, 1972) already indicated the importance of osmotic adjustmemairgor. During the stress period, Y was apparently relatively high and
for the maintenance of turgor, at least partially, and hence expansitiee growth-effective turgor small. When stress was released, turgor
growth. More definitive data came from the use of a pressure micravas suddenly raised by 0.25 MPa, increasing the growth-effective
probe to monitor changes in turgor pressure of roots of maize seedlingggor several fold, leading to the burst of growth. This abnormally
while growth was also being monitored during stepwise changes inigh growth rate apparently was detrimental, and growth subsequently
medium water status (Fig. 2). When the medirfor the growing  slowed in spite of the high turgor, which presumably involved shifts
root was suddenly reduced from zero (O @aCl) to—0.42 MPaby in Y and m in the direction opposite to the adjustment under water

stress.
e . . . Green and Cummins (1974) had long emphasized the tendency of
A expansive growth to be self-stabilizing as conditions varied, especially
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03— : . Fig. 3. Response of yield threshold turgor (Y) of cells in roots of maize seedlings
15 16 17 18 19 29 21 to a step-wise reduction in mediuth In (A), Y is shown as affected by
) changes in solute potential of the medium (either KC1 or manitol in@.1 m
Time (h} CaC1) bathing the roots. IrB), the same data are plotted as a function of

the time interval from the sudden reduction in med#ito the time when

Fig. 2. Longitudinal growth rate and cell turgor of the primary root of etiolated Y reached its minimal value at that meditrand was measured. Open
maize seedling as affected by step-wise changes in médi@rowth was circles (0) represent Y for roots in 0..unTaC1l, and closed circles (),
measured with LVDT. Cell turgonjf) was measured with a pressure minimal Y after reduction in mediut. The lines were fitted by eye. Cell
microprobe in the region of maximum growth (4 to 5 mm from apex) with  turgor was measured with a pressure microprobe in the growth zone of
most of the points representing different cells. The medium bathing the primary roots (110 to 180 mm long, of 5- to 7-day-old seedlings) to
root, initially 0.1 v CaC1, was changed to —0.42 MPa sorbitol in OM. m determine Y. For details on the measurement of Y, the original paper should
CaCl, and later back to 0.1nmCaC13. From Hsiao and Jing (1987). be consulted. From Frensch and Hsiao (1995).
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with respect to the loosening of the cell wall. Was adjustmentin Y or 05— r " . ‘ :
in m more dominant in maintaining growth within a relatively narrow
range as turgor varied? Separating out the effect of Y from that of g
is not simple. In early studies, Y and m were evaluated from approxi&. 0.4+
mately linear plots of growth rate wB,. The growth rate was varied 2
by varying tissue water status, and turgor pressure was calculated & 03}
the difference between measutgdandy, of the tissue. Under the 5 ’
assumption that Y and m remained the same for different growth ratel{g
the slope of the plot was taken as m, and the intercept with the x-ax@ g2t
as Y. Later, a stress or turgor relaxation technique (Cosgrove, 198

was used to evaluate Y and m. Expansion of a growing organ or tissug

was monitored after it was excised and deprived of a water source. Teg 0.1
cell wall continued to relax under high turgor and the organ continue
to expand as long as ifs was greater than Y, but expansion slowed =
and finally stopped whei, = Y. By measurings, (Cosgrove, 1985) 0.0
or calculating it fromW¥ and Y, measured at that point, Y was -0.50 ' : + ; : + t : 1
determined and used, along with the growth rate, to calculate m. A B

variation of this technique is the pressure block method (Cosgroves 075 | .
1987). Expansion of the excised tissue was monitored inside a press&te -0.03 MPa

chamber and the pressure was raised until expansion just stopped &t _; 5
that point the applied pressure is a measure of how pyetceeds .8

=

T
L/
L

Y, or the growth-effective turgor. In view of the recent evidence thatg 195 | S |
N ; 1. 4 -8 -0.20 MPa

as water stress develops, Y and m may change within minutes in t@ - g 8

direction that aids in the maintenance of growth, it is clear that thesg, Sa e

techniques determine most likely the lower limit of Y, not the Y atthes 1907 e ]

moment of tissue excision or at the start of the pressure blocking3 S Ta -0.81 MPa

Skillful use of the pressure microprobe has enabled us (Frensch amd -1.75 | B B i S

Hsiao, 1994) to determine instantaneous Y during the transitionaih o N

period from the time of stress imposition to the recovery in growth.Th&’ -2.00 s ;\1;_’_3_0_ E”__F_’a_&_ o

value of Y measured at the time of stress imposition was much higher
than those evaluated by the older methods, and, consequently, the -2 25 . L . ' ‘ v " .
value of m was also much higher. When growth resumed under the 0 2 4 6 B 10
imposed stress, Y had declined substantially. For maize roots, Y did
not decline when mediut¥ was lowered by 0.1 MPa, and growth
recovery was complete and effected by osmotic adjustment (Frensch o o _
and Hsiao, 1995). With further lowering of the meditnY was  Fig. 4. Spatial distribution of longitudinal growtA)(and solute potentiaBj
reduced, and the reduction was maxim@l3 MPa, with a reduction |bnthe ?p'cat‘;l?smgrg\fﬂgﬁrgag’(rcr’g;ggst'aoslartsg t?;llilzer 3\?;?';2?: grsl;zzgtee?n
H H : : : water s .

in mEd"“.'qu 0f0.6 MPa_(Flg. 3A) The reduction in Y_occurred early, Ie);]gth per unit of length of eacph marked portion, pgr unit time). Seedlings
afew r_n'nUtes afte_r the Impos_ltlon of Water' stress (Flg_. 3B_)' Apparent ere growing in vermiculite of different water contents and valués(of

<20 min was required to achieve the maximal reduction in Y. MPa) of the vermiculite are given in the figure next to each curve. The

conditions were the same as for Fig. 1A. From Sharp et al. (1990).

Distance from apex (mm)

SPATIAL PATTERN OF GROWTH REDUCTION AND

OSMOTIC ADJUSTMENT UNDER WATER STRESS marked increase in mechanical strength of many soils upon drying
forces the root to grow thicker, and hence masking the thinning effect

Are all cells in the growth zone of an organ affected similarly byof water stress. Overall, the growth responses to water stress are
water stress or do the effects vary with location and cell age? Timamazingly complex, involving morphological as well as physiologi-
lapse photographs of maize roots marked on the surface at regutal, metabolic and macromolecular changes.
intervals and growing in vermiculite at different water potentials were  With the shortening of the root growth zone and the unchanged
digitized. Applying the principles of growth kinematics (Silk and longitudinal growth rate of the apical 3 mm at \wone might expect
Erickson, 1979), the local relative elongation rate for every millimetemore osmotic adjustment in the apical 3 mm. It turned out that the
of the root within the growth zone was computed. The results (Shamgverse was true. Solute potential was constant along the growth zone
etal., 1988) (Fig. 4A) show that the inhibition of growth by water stressf well-watered maize seedling roots. Sharp et al. (1990) found that
was markedly dependent on location along the rootWAsf the  with more and more water stress, the osmotic adjustment became
vermiculite was reduced progressively from —0.03 to —1.60 MPa, morgtronger and stronger, but more occurred in the basal than in the apical
and more of the basal region of the normally growing zone of the roaegion (Fig. 4B). When the mediuhwas reduced from —0.03 MPa
ceased to grow, and growth was restricted more and more to the apita-1.60 MPay, of the basal region was reduced from —0.96 to —2.05
region. In other words, the root growth zone shortened as water streg®a, whereag, at a distance 2 and 3 mm from the apex was reduced
increased. Surprisingly, longitudinal growth in the apical 3 mm wa®nly to —1.76 MPa and —-1.87 MPa, respectively (Fig. 4B). Yet
unaffected regardless of the severity of stress. Shortening of thengitudinal growth in the apical 3 mm was not inhibited (Fig. 4A),
growth zone has also been observed in sorgBamhum bicolo(L.) reflecting the strong ability of that region to adjust the loosening ability
Moench] leaves under both water (Walker and Hsiao, 1993) andf its cell wall. Interestingly, there was no increase in the production
salinity (Berstein et al., 1993) stress, but not in water-stressed soybeanimportation of osmotica into the growth zone to account for the
hypocotyls (Meyers and Boyer, 1972). osmotic adjustment, whether in the basal or apical region. Instead, the

In maize, radial growth was inhibited by water stress all along theeduced rate of solute dilution by growth, along with the reduction in
growth zone length so that the root growing at loWewras thinner  root diameter, accounted for the osmotic adjustment in the roots
(Sharp et al., 1988). Thinner roots afford the advantage of exploringrowing at lowW (Sharp et al., 1990). On the other hand, evidence
more soil volume for water for a given investment of carbon for roobased on the differential behavior of hexose and potassium as osmotica
growth and maintenance. In the soil in the field, however, roots ofteimdicated that the osmotic adjustment was not totally passive (Sharp et
grow thicker as the soil dries (Bengough and Mullins, 1990). Thel., 1990).
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COMPARING LEAF AND ROOT GROWTH UNDER over the 2-h stress period. Hence, no osmotic adjustment occurred in
WATER STRESS IN TERMS OF THE the Begonialeaves and the resumption in growth under water stress
LOCKHART EQUATION was the result of enhanced extending ability of the cell wall.

) ) ) We have obtained similar results with maize leaves (A. Thomas

Detailed time courses of changes in turgor and growth rate Uposhd T.C. Hsiao, unpublished data). A window was carefully cut in the
stepwise changes in leaf water status are rare. For the situation @fleoptile sheathing the first leaf of the seedling to expose the growth
slowly developing water stress, Michelena and Boyer (1982) megrone of the leaf for the measurement of turgor with the pressure
sured growth and water status of maize leaves once a day and foufgtroprobe. Upon a 0.4-MPa down-step of root medingrowth
that growth zone turgor was completely maintained by osmotic adjusstopped within minutes and remained nil for approximately 1 h, before
ment, but the growth rate slowed and eventually dropped to zero assuming at a very slow rate. Turgor in the growth zone of the leaf took
water stress became more severe. In a follow-up study, Vag.5hto decline, by nearly 0.3 MPa, to the lowest point after the down-
Volkenburgh and Boyer (1985) found that growth zone turgor wastep inW of the rooting medium. Thereafter turgor increased very
maintained essentially constant throughoutthe day, but growth slowegbwly. The slow decrease in turgor after the down-step was presum-
in the afternoon more than in the morning as stress developegply the result of slow transpiration relative to the water storage
Compared with leaves of recently watered plants, stressed Ieavgguffering") capacity of the tissue. The seedling had only one leaf,
acidified their growth zone apoplast more slowly and had a highei|| partially folded, and consequently must have transpired at a low
surface pH The authors concluded that extenSIbIIIty of the cell Wa“a’[e. In view of the recovery in turgor in F|g 5, the very slow turgor
mlght have been reduced by water stress and reduced wall aCidiﬁQ@'Covery in our pressure microprobe Study was a Surprise. It is
tion. There were uncertainties, however. Although differences in wafhrobable that osmotic adjustment for a part of the turgor recovery was
extension were measured in vitro on leaf segments boiled in methangpt obvious because it took place during the first 0.5 h and was masked
effects on yield threshold could not be separated from that on exteBy the overall decline in turgor associated with the gradual reduction
sibility (m). In addition, the shortening of the growth zone was nofn leafW. The fact that turgor recovered fully in <2 h in Fig. 5 but not
known at that time and might have accounted partly for the reducef this study could be the result of a difference in the supply of
growth at apparently the same turgor. Further, as was the standa{gsimilate or osmotica. In the former case the plant had five well-lit
practice in studies of expansive growth of higher plants at that timgeaves, whereas in the latter, the plant had one unfolding leaf that was
turgor was calculated as the difference betvandy,, measuredby just beginning to develop its photosynthetic capacity. Note that the
thermocouple psychrometry. The time required for equilibration of thgyuick recovery in turgor and growth in maize roots after a down-step
growing tissue in the psychrometer was 3 h or more, sufficiently longh  took place regardless of whether the plant already had several
to allow full or nearly full relaxation of the cell wall (Cosgrove, 1985).
Consequently, the calculated turgor was most likely lower than the true B
value at the time of sampling, and was reduced to the value of adjusted 600 MPa* ‘ " 0.25MPa JoMPa ]

)

Y in these early studies. The adjustmentin Y would be greater forthe - g | &

leaves of high water status and faster growth rate, and the lower limits '€ o
of adjusted Y may be very similar among growing leaves differing in & & e o

water potential. Therefore the unchanging turgor at differentifeaf 2.3 o * e
may be an artifact of the method of measurement. Nonetheless, thé @ 20 . .

early conclusion that growth of leaves was reduced in spite of turgor— & 10} .

maintenance appears valid, since Hsiao and Jing (1987) also found in 0 -e - b e

a field study the complete maintenance of turgor in the growth zone of G .60 i [ g8

sorghum leaves but a slower growth rate under mild water stress. Hsiao % E » e,

and Jing (1987) measurddof the growth zone with the Shardakov 5~ 0.50 .

dye method (Slavik, 1974) at’® using an equilibration time of less 2 g

than 10 min. The low temperature and short equilibration time should2 @ 040

have eliminated the wall relaxation error. For sorghum, the slower @ .

growth in spite of the full maintenance of turgor was probably dueto & “-30/ *

a shortening of the leaf growth zone under water stress (Walker and 0 40/ o T ' jj

Hsiao, 1993). w o
Again using the Shardakov method, Hsiao and Jing (1987) inves- L

tigated the changes in maize leaf growth and turgor at 15 min intervals € 050 &

upon a stepping down in medidfhof 0.25 MPa. Growth stopped for B . LA

=15 min, then began slowly to recoverabegan to recover through -0.80 | o ® . .

osmotic adjustment (Fig. 5). Thisis in contrast to the recovery in turgor .

and growth within minutes after the 0.42 MPa down-step for roots . b ]

(Fig. 2). After 75 min, turgor had recovered to the level prior to stress

imposition, but growth remained partly inhibited. These results indi- £ i

cate that under water stress, wall loosening ability in the leaves wag; =3 -1.00 g

reduced (an increase in Y or a reduction in m), whereas wall loosenin@ &

ability in roots was enhanced as evinced by the reductionin Y (Fig. 3)g & a0 * e . s ®» s O
Leaves of the Gramineae are often chosen for studies because their 5 .4 2n .

growth is predominantly one-dimensional with clear gradients inthe & 0P, -0.25 MPa

longitudinal direction. On the other hand, their growth zone is wrapped Ty ’ 1 ' 2 ' 3

in older leaves and difficult to reach with a pressure microprobe. Thus

the initial study (Shackel et al., 1987) of turgor and growth using a Time (h)

pressure microprobe was on leaves of a dicot, gkéipe iniferal.).

A detailed leaf study of effects of water stress with the microprobe i5ig- 5. Changes in longitudinal growth rate and water potential and its

on another dicoBegonia argenteo-guttata (Serpe and Matthews, components in the growing fifth Iea_f of maize upon changes in root medium

1992). Turgor in the epidermal cells near the central midvein was ¥- Medium'¥ was changed stepwise by changing between 0.CaC1

. - . solutions with and without —0.25 MPa of Carbowax 6080the times
measured. With a down-step in root meditf 0.2 or 0.3 MPa, indicated by the downward arrows. Data for 041 @aC1, medium are

growth stopped and turgor dropped. Growth remained nil for 25 min given as open circles (0). Growth rate was measured by LVDT. The
ormore and then recovered gradually to reach a slower but steady rate.conditions and procedures were essentially those of the experiment de-

Turgor, however, did not recover measurably and remained reduced picted in Fig. 1B. From Hsiao and Jing (1987).

-0.90 -

-
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photosynthetically active leaves (Frensch and Hsiao, 1995) or wake apical 5 mm and mostly eliminated in the 5 to 10 mm region of the
merely an etiolated seedling (Fig. 2). roots grown at —1.6 MPa. This is consistent with the maintenance of
Overall, there is a sharp contrast between the root and the leaf gmowth at the region adjacent to the apex and the shortening of the
their responses to water stress. The root adjusts osmotically and gsowth zone under water stress. Crude wall protein extracted from low
turgor recovers quickly, but only partially, under water stress. With thé roots contained more expansin activity than that from #gbots
rapid lowering of Y, and, possibly increases in m, root elongation cawhen applied to cucumbeZ@cumis sativd.) cell wall in extensom-
recover fully under mild water stress and at reduced turgor. Rodter assays, and also contained more expansin proteins, as indicated by
growth is maintained partially even down to the permanent wilting/Vestern blots. Response to growth-promotive effect of expansins was
point and beyond. The leaf osmotically adjusts either slowly (Fig. 5yreater in the apical 5 mm and was totally absent in the 5 to 10 mm
or not at all (Serpe and Matthews, 1992). The loosening ability of itsegion of the roots grown at |d¥. Thus, both the amount of expansins
cell wall is reduced (Fig. 5) or at least not markedly enhanced undér the cell wall and the responsiveness of the wall to expansins were
water stress. Consequently its growth is much more inhibited by wateitered by water stress in a way that facilitates root growth a#low

stress than is that of the root. Not yet known is whether at loW expansins undergo changes in
shoots in the opposite direction, to explain the differential effect of
ROLES OF ABA, EXPANSINS, AND OTHER CATALYTIC water stress on roots vs. leaves. ]
PROTEINS Other changes in wall components and enzymes occur in plants

under water stress. For a more comprehensive examination, the

Under water stress, ABA increases in both leaves and rootsertinent papers in this volume and in an early (Wang etal., 1994) and
(reviewed by Hsiao, 1973) and more ABA is transported from roots tan upcoming (Sept. 2000) issue of Journal of Experimental Botany
leaves (Davies and Zhang, 1991; Zhang and Davies, 1990). Loosenisigould be consulted. Other papers (Conley et al., 1997; Saab et al.,
ability of the growing cell wall is well known to be promoted by auxins1995; Wu et al., 1994) may also be of interest.
(Cleland, 1971; Green and Cummins, 1974; Nakahori etal., 1991) and
also affected by ABA. Convincing evidence was obtained by Sharp ECOPHYSIOLOGICAL AND PRODUCTIVITY
and coworkers (Sharp et al., 1994; Spollen et al., 1993) indicating that IMPLICATIONS
ABA maintains root growth while inhibiting shoot growth in maize at
low W. Their experiments were designed to look at more or less steady In the absence of rain and irrigation, root expansion to explore new
growth, involving growth over periods of many hours to days. Ansoil volume for water is critical for the continued function, growth, and
inhibitor of carotenoid synthesis (and therefore of ABA synthesis)survival of plants. Hydraulic conductivity of the soil declines nearly
fluridone {1-methyl-3 phenyl-5-[3-(trifluoromethyl] phenyl]-44)- exponentially with decreases in soil water content. Thus in soils with
pyridinone}, had little effect on root or shoot elongation of etiolatedwater content at field capacity or lower, water movement is slow and
seedlings growing at higH (—0.03 MPa), but depressed root elonga-the roots must grow into the wetter parts of the soil to maintain
tion and promoted shoot elongation at M\(—1.6 MPa for roots and adequate water uptake. This is well illustrated in Fig. 6, which depicts
—0.3 MPa for shoot) (Saab et al., 1990). The behavior of a mutant tfe development of the root system in terms of root length density
maize deficient in ABAyp5, was very similar to that of the wild type (length of root per volume of soil) and the extraction of soil water by
treated with fluridone. Root elongation was more inhibited and shoa maize crop growing on water stored in the soil without substantial
elongation was better maintained/pbthan in the wild type at loW. rainfall during the growing season. As the crop grew, the root system
In the latter, the concentration of endogenous ABA increased markleepened and root density increased in each soil depth layer with time
edly at lowW and the increase was suppressed substantially bfFig. 6A). Shown in Fig. 6B is the profile of mean rates of soil water
fluridone. Under water stress ABA concentration was the highest iBxtraction by roots at each depth layer at different times. Comparison
the apical 3 mm where the relative elongation rate was fully mainef the root length density profile with the water extraction profile atany
tained (Saab et al., 1992). Exogenous ABA at the appropriate concegiven date indicates that extraction started only after root length
tration overcomes the effect of fluridone on growth of root and shoadlensity in that depth layer became substantial, and no extraction
at lowW¥, and modified the growth @p5mutant at loW to resemble  occurred before roots grew into that depth layer. In fact, the rate of
that of the wild type (Sharp et al., 1994). On the other hand, despite theter extraction was closely correlated with root length density (Fig. 7).
fact that endogenous ABA is very low at highadding ABA to the on
growth medium inhibited root growth. Taken together, these results
provide strong evidence that ABA plays a central role in orchestrating _, |
the differential long-term growth responses to water stress of rootand .7
shoot. What is not clear is whether ABA is similarly involved inthe .|
rapid changes in the growth parameters of the Lockhart equationinthe , ,
two organs briefly reviewed above. Those changes were very rapi§ ,,
taking place within minutes or a fraction of an hour after a down-ste;g 14
in Y. The increase in tissue ABA effected by water stress and thg 1s
increased transport of ABA from root to shoot may take considerabll% 18
longer (Hsiao and Bradford, 1983), and cannot be easily invoked 10 zo
explain the early responses. 22

The molecular basis of wall extending ability have long been the 2+
subject of investigation, speculation, and modeling (Passioura and zs
Fry, 1992). The acid growth theory of cell expansion is now well 2#
established and applicable to most species (Rayle and Cleland, 1992).3¢ 2 4 é a o : 1 5 3
Over the last decade Cosgrove and colleagues have developed strong
evidence for the existence in the cell wall of a class of proteins named Root length density (cm-cm™)  Root water absorption {mm-d”)
expansins, which act as catalysts in promoting wall expansion (re- ) ) )
viewed by Cosgrove, 1998). There is some evidence suggesting tHag- 6. Estimated foot Ieng_th density)(@@nd computed r_oot V\_/ater absorptlon
expansins act by weakening hydrogen bonding among wall polymers rate @) of a maize crop in each 300-mm layer of soil at different times after
to promote wall “loosening,” especially at low pH (McQueen-Mason planting. Numbers on the curves denote numbers of days after planting

Jr R . (DAP). Root length density was measured by the line interception method
and Cosgrove, 1994). An intriguing study was carried out by Wu et al. on soil core samples. Water absorption was calculated by water balance

(1996) on expansins in relation to water stress. They used isolated cell \yith soil water content measured by a neutron probe. The crop was grown
walls from maize roots and evaluated their acid-induced extension by withoutirrigation on a Yolo clay loam soilin Davis, Calif. The soil was well

stretching them with an extensometer. Compared with roots grown at wetted to 3 m at planting time and received erllycm of water as rain
Y of —0.03 MPa, acid-induced extension was markedly increased in during the growing cycle. From Hsiao et al. (1976).
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Fig. 7. Computed water absorption rate by maize roots as related to root leng; If LAl itmiting
density, in moist Yolo clay loam soil. Values are means of various 300-mmj o
. ! . Maintenance Reduced Reduced
soil depth layers for the pgrl_od of 62-74d afte_r [_)Iantlng and represent twi of photosynthesis transpiration
treatments, one regularly irrigated (¢) and one irrigated regularly beginning root growth per unit land area per unit tand erea
55 d after planting (DAP) (0). From Hsiao et al. (1976).
0.0
_ Better Reduced
02t E exploration productivity
of soil water per unit land area
0.4 4
Fig. 9. Outline of generalized responses and adaptation of crops in the field to
0.6 : mild water stress, with emphasis on expansive growth of roots vs. leaves.
r The more direct effects of water stress on growth are based the parameters
0.8 1 in the Lockhart's equation, with osmotic adjustment impaapirend wall
b loosening ability reflected in Y and m. Dotted lines with arrows indicate
E 10 4 negative feedback effects. Considerations of water availability, transpira-
‘_;:’ t tion, and productivity are on the basis of per unit land area. In the field the
B 12 4 development of water stress causes first a slowing down in leaf growth
2 b while photosynthesis per unit leaf area remains unaffected because stress is
= 14 g not yet severe enough. Photosynthesis per unit land area, however, is
c?) L l already reduced because of the smaller canopy cover and reeidBed
16 g interception and absorption. The water stress considered is assumed to be
b L mild enough not to have significant direct impact on stomata, or on
18 Ji s  Weekly irrigation transpiration and photosynthesis per unit effective leaf area. Photosynthesis
/ o No irrigation per unit leaf area, h_owever, is depicted to be susceptib!e to inhibition by
20 # | accumulated assimilates in the leaf. Note that the negative effect of water
| stress on leaf growth and productivity compounds with time because
290 / | reduced leaf growth reduces photosynthetic surface per unit land area,
: C/ ] which further reduces growth.
24+ 1

of each mm of root length. This preferential growth into the wetter
parts of the soil is further aided by special anatomical and hydraulic
features of the root apex. The growing region of the maize root is not
well connected to the mature region by fully differentiated xylem
Fig. 8. Effects of irrigation on maize root distribution at plant maturity in (McCulley, 1995; St. Aubin et al., 1986). Frensch and Hsiao (1993)

various depth layers of a Yolo clay loam soil. The crop was planted after J2v€ shown that the apical region of the root is largely isolated
deep irrigation and received virtually no rain during the growing cycle. ondlydraulically from the more basal part with a fully developed xylem
treatment was irrigated weekly and the other was not irrigated. Lines ai@ystem that supplies water to the shoot. As the root grows, the apical
fitted by eye. Original data of J.D. Vega and D.W. Henderson, reproducegrowing region and the newly matured, basal, water-absorbing and
from Hsiao and Acevedo (1974). conducting region move continuously as one unitthrough the soil, with
the apical region leading the way into new soil moisture and hydrau-
In the field the maintenance of root growth as water stress develofisally separated from the basal region. Therefttepf the apical
has two facets. One is the physiological one discussed above—thatrefjion remains relatively high and most of the water it absorbs is
rapid but partial osmotic adjustment and the enhancementin loosenipgesumably retained for growth, despite the strong tension that may
ability of the cell wall. The other facet is the interaction of growth withdevelop in the mature xylem vessels of the basal region under condi-
the soil environment. In spite of its resistance to reductiows oot tions of high transpiration. In this way water is available to the shoot
growth is faster at higher values®f(Fig. 1A). Consequently roots only after the water requirement of the apical region of the root is
would grow more in the wetter parts of the soil. This behavior isatisfied.
illustrated in Fig. 8, which depicts the profiles of root length density of Leaf growth also has a facet that is determined by interaction with
maize under irrigated and dryland (unirrigated) conditions. Withoutts environment, that of the atmosphere. Under conditions of high
irrigation and over a season, roots proliferated much more in thevaporative demand (high radiation, temperature, and wind, and low
wetter, lower depth layers, and growth in the drier, upper layers wasumidity), transpirational loss of water usually increases,Ytaf
limited in comparison with the well-irrigated treatment. Hence, notreduced, and the differencéitbetween the roots and the growing leaf
only was root growth favored relative to shoot growth, the distributioris accentuated. With mild water stress, stomata usually remain open,
of roots was also shifted to the wetter soil making more effective ussoW of the leaf is lower for a given séif when evaporative demand
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Root length density {cm-cm™)
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and transpiration are high than when they are low. Overall, the species and assessment of measurement techniques. Planta 171:266-278.
interaction of leaves with the atmosphere induces or accentuates waf@sgrove, D.J. 1998. Cell wall loosening by expansins. Plant Physiol. 118:333—
stress in the leaf growth zone, in contrast to the interaction of the 339 )
growing root apices with the soil, which attenuates the effects of watéroSgrove. D.J., E. Van Volkenburgh, and R.E. Cleland. 1984. Stress relaxation
stress developing in the more mature parts of the roots and in the shoot,%f Ce!l Walls and the yield threshold for growth: Demonstration and

. . . measurement by micro-pressure probe and psychrometer techniques. Planta
The contrasting behavior of root and leaf growth under mild water  1g5.46_54. 4 P P psy q

stress and the Im_pllcatlons_for ada_ptat_lon, water use, and productivipyayies, w.J. and J. Zhang. 1991. Root signals and the regulation of growth and
are summarized in a flow diagram in Fig. 9. Leaves and roots compete development of plants in drying soil. Annu. Rev. Plant Physiol. Plant Mol.
as sinks for photosynthetic assimilates in maintaining their growth. Biol. 42:55-76.

Mild water stress, not yet severe enough to inhibit stomatal conduérensch, J. and T.C. Hsiao. 1993. Hydraulic propagation of pressure along
tance and photosynthesis per unit leaf area, would reduce leaf growth immature and mature xylem vessels of rootZedh maysmeasured by
(Bradford and Hsiao, 1982) and its role as a sink for assimilates, Pressure probe techniques. Planta 190:263-270.

leaving a larger fraction of assimilates available for root growth. | rensch, J. and T.C. Hsiao. 1994. Transient responses of cell turgor and growth

enough assimilates accumulate in the leaves, however, photosynthesisggzgff_;%?s as affected by changes in water potential. Plant Physiol.

per U”ﬂ'lt 'f:‘a_f,are? may be 'nh_'b't_ed (Fig. 9): This potential for “feed'Frensch, J. and T.C. Hsiao. 1995. Rapid response of the yield threshold and
back” inhibition is increased if nitrogen (Stitt and Schulze, 1994) or  yrgor regulation during adjustment of root growth to water streZean
phosphorus (Riviere-Rolland and Betshe, 1996) nutritionis notample. mays Plant Physiol. 108:303-312.

With leaf expansion reduced by mild water stress, the increment iBreacen, E.L. and J.S. Oh. 1972. Physics of root growth. Nature New Biol.
leaf area index (LAI) and the development of foliage canopy slow. If = 235:24-25.
this occurs when the canopy does not yet completely cover the groufdeen, P.B. 1968. Growth physicNitella: A method for continuous in vivo
and intercept all the incident photosynthetically active radiation, analysis of extensibility based on a micro-manometer technigue for turgor
photosynthesis per unit land area would be less, although water stressPressure. Plant Physiol. 43:1169-1184. o
is not severe enough to inhibit directly photosynthesis. Additional reen, P.B.and W.R. Cummins. 1974. Growth rate and turgor pressure: Auxin

- AN - - effect studied with an automated apparatus for single coleoptiles. Plant
effect could come from photosynthesis being inhibited indirectly if Physiol. 54:863-869.

assimilates accumulate sufficiently. The resulting reduction in priygiao, T.C. 1973. Plant responses to water stress. Annu. Rev. Plant Physiol.
mary productivity of the crop could be quite substantial if the mild  24:519-570.

water stress lasts for many days. The effect of a small difference Hsiao, T.C. 1993. Growth and productivity of crops in relation to water status.
daily leaf growth compounds with time, in a manner analogous to how Acta Hort. 335:137-148.

a small difference in interest rate compounds with time into a |argélsiao, T.C. and E. Acevedo. 1974. Plant responses to water deficits, water-use
difference in interest income (Hsiao, 1993). On the other hand, the efficiency, and drought resistance. Agr. Meteorol. 14:59-84.

restriction in canopy development would also reduce transpiration p&fsiao: T.C., E. Acevedo, E. Fereres, and D.W. Henderson. 1976. Water stress,

unit land area and the effect would also compound with time. That groSwthéan(d)oosmotic adjustment. Phil. Trans. Royal Soc. London Ser. B
' 73:479-500.

wouldlead to a slowing downin the rate of development of water stré§jag T.C. and K.J. Bradford. 1983. Physiological consequences of cellular
(right dotted line, Fig. 9). L . water deficits, p. 227-265. In: H.M. Taylor, W.R. Jordan, and T.R. Sinclair
With roots under water stress the situation is quite different. Quick (eds.). Limitations to efficient water use in crop production. Amer. Soc.
but partial osmotic adjustment and enhanced loosening ability of the Agron., Madison, Wis.
cell wall, aided by the hydraulic isolation of the growing apex and théisiao, T.C. and J. Jing. 1987. Leaf growth in response to water deficits, p. 180
enhanced assimilate supply as the result of reduced leaf growth, permit 192. In: D.J. Cosgrove and D.P. Knievel (eds.). Physiology of cell expan-
the maintenance of growth of roots, at least partially. The continuous Sion during plant growth. Amer. Soc. Plant Physiol., Rockville, Md.
growth of roots requires a continuous assimilate supply and minimizet/zmanoff, K.M. and M.L. Evans. 1981. Kinetics of adaptation to asmotic
assimilate accumulation and feedback inhibition of photosynthesii. stress in lentill(ens culinarismed.) roots. Plant Physiol. 68:244-247.
Most importantly, it provides for the continuous exploration of new ockhart, J.A. 196_5. Cell extension, p. 826—849. In: J. Bonner and J.E. Varner
- ’ > h (eds.). Plant biochemistry. Academic, New York.
soil volume for water to partially ameliorate water stress (left dotteqccully, M.E. 1995. How do real roots work? Some new views of root
line, Fig. 9). By combining the ameliorating effects of leaf and root  structure. Plant Physiol. 109:1-6.
growth on the development of water stress, over the long term the plantQueen-Mason, S. and D.J. Cosgrove. 1994. Disruption of hydrogen bond-
can adjust its canopy size so as to nearly match its transpiration loss ing between wall polymers by proteins that induce plant wall extension.
with water supply from the root system, provided that the soil water Proc. Natl. Acad. Sci. U.S.A. 91:6574-6578.

storage capacity is high (Hsiao et al., 1976). Meyers, R.F. and J.S. Boyer. 1972. Sensitivity of cell division and cell
' elongation to low water potentials in soybean hypocotyls. Planta 108:77—
87.
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