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ABSTRACT

The water potential ( ¥) at which stomata completed closure (¥, ) was dete !
(Pe wselss 1 emericamun IL 1 Leche tLmin deternuned for pearl mille
"Mricdiiie 1 Leehe) at two growth stages by monitoring changes i Jeal conductaney

W, and W.follomng shoot detachment. Le
. Ledp water status was evaluated concurge ing
pressure-volume (P V) techmgue " wudted concurtently using 3

11 a pot experiment with yo petativ S i

o wmofc( b xf_u uulng vegetative plants, W‘_ e ClOsely approximated 1o the csumated ¥
o u) both for control and tor drought-condioned plants which had vsmoucally
": 1 e.‘.‘ lowe\cr. for penultimate leaves of ficld-grown Rowering plants, ¥ Was found o be 0-61
\, .n"::-‘f 3 .an.la) and 0-87 (droughied plants) MPa below ¥, 1l diought stressed ticld grown plants
;‘sdu i a Jt:;uncm (Chatactenzdd l‘v). @ deciease mosolute (asmonic) potennal (%) wt both full
Ydiation and 2ero turgon was insutlicient to namntain @ positine bulk leaf turgo pmu.mul (¥,) once
¥ Lad declined 10 below abour  1-5 MPa. | g i j G atal
o decline beluow MPa. 1as ;ug;nlgd that localized adjustinent by the stomatal
'pn ‘ esponse o envitonmental differences. leal ageing and/or ontogencue change. s 1esponsible

tor the uncoupling of stamatal trom bulk leaf water status

Kevwords: Stomata, Water sticss., Pennisetin americanin.

INTRODUCTION
The accumulation of solutes by plants under water sticss, resulting in o lowering of solute
(osmo.uc) potential (¥,), 15 one means whereby the concomitamt reduction m el turgor
poteatial (¥,) may be mimumized (Turner and Jones, 1980). This osmotic adjustment is
generally considered responsible for any maintenance of turgor-dependent processes durin
WI(CI: stress (Hsiao, Acevedo, Fereres, and Henderson, 1976). The maintenance of smmatagl
opening under stress, a characteristic of drought conditioned plants which is usually
mnml.'eslcd 4> 3 lowered “threshold” water potential () 1o closure, has gene ally been
explmped 0 wms of vsmotic adjustment (Ludlow, 1980)

While there 15 evidence to suggest that in a wide range of specieygstomata close once bulk
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leat ¥, reaches cero (Turner, 1974), stomatal closure in some specics has been observed to
oceur at a ¥ below that occurring at zero ¥, (Beadle, Turner, and Jarvis, 1978; Turner,
Begg. and Tonnet, 1978; Jones and Rawson, 1979). Studies of the 1esponses of pearl mllet
(Pennisetum amerleanum 11..] Leeke) to drought stress in the field (Henson, Alagarswamy,
Bidinger, and Mahalakshmi, 1982a; Henson, Mahalakshnn, Bidingur, and Alagarswamy,
1982b) suggested that for upper leaves of flowering plants there was appreciable opening of
siomata when bulk leaf ¥ was either at, or below that occurring at the pomnt of zero rgor.
All of these studies suffered, however, from ¥, being overestiumated (e, made less negative)
because it was measured using expressed sap. Hence, ¥, (calculated as ¥, - ¥ — W) was

underestimated (Turner, 1981).
The object of the present study was to re-examine the stomatal response of pearl millet to

low ¥ and, in addition, to re-evaluate the extent of osmotic adjustment n ficld grown plants
using the more rigorous pressure volume (P-V) technique (Tyree and Hammel, 1972, Cutler,
Shahan, and Steponkus, 1979; Wilson, Fisher, Schulze, Dolby, and Ludlow, 1979). The
responses of Teld plants are contrasted with those observed for young vegetauve plants grown

in a glasshouse.

MATLRIALS AND METHODS

Pot experiment

Pearl willet ¢v. BJ 104 was grown in 9-0 cm diameter pots in John Innes No. 2 compost in a heated
glasshouse at Cumbridge, U.K. in May 1982, Plants received natural ilummation tong photopeniods)
and temperatures varied diurnally between 22 °C and 35 °C. Plants were watered using a wick system
unless drought was being imposed.

One group of plunts was droughted by withholding water from 13-18 d after sowing (DAS). These
plants were rewatered in late afternoon (1800 h) to restore & high Y prior to measurements the
following day. Chunges in leal ¥ and total (abaxial plus adaxial) conductance (g,) during rapid
development of stress, induced by severing the shoot at its base, were measured in both control and
drought conditioned plants 16 and 19 DAS respectively. The procedure was as for field-grown plants
(described below) except that g, was measured using 4 catinuous Aow diffusion porometer similar 1n
design 1o that of Day (1977) Sampling was confined to the sixth (younyest fully expanded) leaf.
During samphug, irradiance was ¢. 650 gmol m 57! (400-700 nm) and air temperatures ranged from
26 °C to 30°C. PV measurements on leaf six were made using six plants of each treaiment as
described below, but using whole leaves Droughted plants were rewatered and allowed o rchydrate
overmght belore measurement. All PV measurements were performed within 4 2 d ot deterunning

relationshnps between g, and W,

Field studies
Pearl mill it cv. BJ 104 was grown at ICRISAT Centre, near Hyderubad, India (17° 30'N) in the

dry scason (Februiy May) of 1982 on a deep (¢, 1-0 m) alfisol sotl as described previously (Henson
etal, 1982q).

Sced was duect sown in plots cach accommodating six 4-0 m long rows spaced 0-50 m apart. Plants
were thinned o about 0-1 m apart within 1ows at an carly stage of growth. Lingation was applied by
flooding futiows made between rows. Control plots were irrigated regularly to ficld capacity (at 4 7d
intervals), while diought stress was imposed on other plots by withholding irrigation from 19 DAS.

Climatic condiions were simifar 10 those described previously (Henson et al, 19824, b) with high
maximum day temperatures (35-38 °C), high vapour pressure deficits (> 4.0 K Pa) and generally high
irradiances (1800 gmol m ¥ s ') at mid day. To dctermine the progress of drought stress in the
experiment, the ¥ of the penultimate leal at mid-day (¥,) was measured at rcgular intervals using
a pressure chamber, Leaves were protected from post-e.cision evaporative losses by enclosing them
na damp cloth,

Measutcments of ¥, g, and bulk leaf water relations 1 $ing u pressure volume (P V) wechnigue were
confined 10 the penultimate leal commencing at stem elongation just prior to the boot stage and
continuing until lowering and seed set (31-51 DAS). For P V measurements shoots were detached
near their base, placed in water ang transferred to a lal oratory to rehydrate. Shoots were harvested
either at dawn (¢. 0600 h) or at ne bnd left for periods of from 1 -6 h to rehydrate before measuring
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| W, reaches zero (Tumer.'l‘)'M). stomatal closure in some species has b, Turner,
ai at ¥ below that occurring at zero ¥, {Beadle, Turner, and Jarvjear) millet
g, and Tonnet, 1978; Jones and Rawson, 1979). Studies of the respomgarswamy,
nniscium americanum (L.] Leeke) to drought stress in the field (Hemagarswamy,
inger, and Mauhalakshmi, 1982q; Henson, Mahalakshmi, Bidinger,yle opening of
B82b) suggested that for upper leaves of lowering plants there was ayof zero Wrgor.
mata when bulk leaf W was either at, or below that occurring at thye less negative)
| of these studies suftered, however, from ¥, being overestimated {( = W — W) was
cause it was measured using expressed sap. Hence, ¥, (calculater
desestinmated (Furner, 1981). ;se of pearl millet to
The object of the present study was to re cxamine the stomatal ;; ficld grown plants
w 4 aud, in addition, to re-evaluate the extent of osmotic adjuyammel, 1972; Cutler,
i the more 1igorous pressure volume (P V) technique (Tyreeg | udlow, 1979)- The
ahan, and Steponkus, 1979; Wilson, Fisher, Schulze, Dol} vegetative plants grown
sponses of ticld plants are contrasted with those observed for ?

i i plasshousc.

ATERIALS AND METHODS |
Na. 2 compost i hqulcd
phnlnpcrmds)

a wich system

~ Innes
9-0 cm drameter pots inyy jjjumination (ong
ere watered usiig

Yot ¢ vperiment
bearl mllet cv. BJ 104 was grown in
lus:house at Cambridge, UK. in May 1982, Plants received  w
ind temperatures varied diurnally between 22 °C and 35 °C. .
nless diought was being imposed. 1 13-18 d after sowing {DAS). These
Oune group of plants was droughted by withholding wate'y pigh ¥ prior 1o mcasurcn'\cnla lh‘fi
plants weie sewatered i late aftanoon (1800 h) w Tt gaxial) conductance ®,) during rapi
following Jay. Clianges in leaf ¥ und total (ubuxial g, . were measured in both control an
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drought condivoned plants 16 and 19 DAS respectivelio oy flow ditfusion porometer >l""‘“f“;j
Weseribed beluw except that g, was measured using fo the sixth (youngest fully-eapanded) leaf.
design to that of Day (1977). Sampling was confity 700 nm) and air temperatures ranged fro?n
During sampling, wradiance was ¢. 650 umol m ?s” made using Six plants of cach treatment as
26 °C 10 30 “C. PV measurcments on feaf six ¥ \ere rewatered and allowed to rehydrate
described below, but using whole leaves. Drough \s were pcrf‘”m"'d within 12 d of determining
overnight betore measurement. All P-v measure
relationsings be ween g, and ¥
Feeld studies Indsa (17¢ 30'N)n the
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(most measurements were. however, comumenced within 3 h). Analysis of 1esults for eight paired
comparisons indicated no signicant eilects on ¥, actull vdewtion (¥ ) on ou ¥ zaio ¥ P 0 of
cher e of hanvest or telis i ation G A

The PV procedure used voas sitidar 1o tiat descnived by Cutler o al (199, using simall vials tilled
with absorbent filter paper (o collect sap expelled from the cut leat and proceading from a pressare
chamber. Howeser, because of diliculy i accomodating and sealing whole leaves in the narow shit
¢{ the chamber op, leaves were cut n half longitudinally (eacluding the mid nb) while stll attachied to
l.'& plant. The leat portion 10 be used for the measurement was ciclosed in a plastic sheath, cut off the
plant. and the surfaces of the protruding basal portion and exposed vertical edge of the tissue were
lightly coated with vacuum grease prior to insertion in the chamber to reduce o aporative losses. Paired
measurciments waie then made of W and expressed sap weight at saceessive stages of leat dehydi ation,
headings were cotrected (o 100M% sap reeon ery by teterence to the total change in fresh weight of the
sumple from the beginning 1o the end of the measwicaient period. Such correction did not gencrally
c1ange the estimute of y,, and had oniy a small effect tusually «.0-05 MPa) on ¥, .1 the two mjor
parameters of interest.

The bulk volumetric modanas of elasteity (8) of leares was caleulated as 4% JSRIC) x 100 over
the RWC (relative water conicnt) runge from tull hydration to zero ¥,

Leal conductance (taken 1o indicate stomatalr conductance) was measurcd using an automatic
d fTusive resistance porometer (Dehia ‘| Devices, Burwell, U.K.) as described previously (Henson ¢ ul,
1782a). The g, of cuch plant wav, dacimined ininally (before detuchment) to e e that stomata were
vaen. To determme the W i which stomatn closed, shoots were severcd al the node below the
p :nultimate leal node and the influrescence removed. 1 hey were hield upright in situ and allowed 10 lose
water rapidly. Using a population ol such shoots, mcasurcments were taken of & amd ¥ (pressure
ciaamber) for the penulumate leaf duning the course of dehydration. Stomata were designated as
‘closed’ once the combined g, for the two leul surfaces had declined 1o below about 0-2 ¢ s ! (c. 13%
o less ol'*ximum &, see Fig. 3). In one scries of measurements shoots from droughted plants were
piaced in ¥ ater to rehydrate prior to wicasugement to extend the range of ¥ 10 higher values. Six
scparate series of meusurements, thie. withirigated and three with droughted plants were made.
Sampling took place 50-52 DAS following relief of drought by rain 47 DAS (big. 1), and was confined
te between 1100 h and 1500 b when niadiance was high (~ 1800 umol s ') and ¢, was marunal.
The penultimate leat was approximatel 20 past full leat expansion at this stage.

RESULTS

S.omatal response and leqs: water rolations of vouny plants

The water potential at stomatal closure, ¥, wins Measured on the 6th leat of young vegetatiy
plants coincided closely o ¥, of the lcaf (Table 1). Similar results (not prescnted) wel
obtained for plants of the same age grown in controlled  environment cabinets. 1
diought conditioned plants the meicased solute concentration (ower ) resulting fron
osmotic adjusimient caused a lowering of W, by 0-2 MPa und a similar shift in ¥, .. Thu
in young plants stomatal closure wuas closcly linked 10 loss of bulk leafl ¥, und ¥, ., wa
influenced by bulk leaf osmotic adjustment

Logf~water relations in the piold

Withholdinyg irrigation resulied in u substantial reduction in Yo A the commencement o
sampling 31 DAS (Fig. 1). ¥,,, of droughied plants fuither declined between 31 and 45 DAS
but stress was relieved on day 47 by u 16 mm rain. No response to rain 43 DAS was
detected, probably because the 7 mm received was less than one days evaporative demand (c.
10 mm), and ¥, , was only measurcd 2 d after the rain. Ierigated plants suffered stress 37
DAS due to high evaporative demand but otherwise mauintained ¥up relatively high
@enerally > - 1-0 MPa). Further increase in ¥, of irrigated plants was generally prevented
by evaporative demand until 49 DAS. when such demand was temporarily reduced due to
rain.

As estimated from P-V curves, ¥, chunged little in irrigated
except for 37 DAS, positive turgor was maintained at all times. §

ts (¢. +0-1 MPa), and,
droughted plants, apart
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P-V measurements (Table 1; Fig. 3) on plants
sampled at the same time. ¥, min Was lowest and differed most from ¥, in droughted plants.

DISCUSSION

The use of the P-V technique confirmed th
in response to drought stress in the el
(Henson e al.. 1982p), adjustment w

plants. Bulk leaf turgor reached zero once ¥, declined to ubout
to the value of —1-44 MPa for BJ 104 reported previously (Henson
(Fig. 2) suggest that signiticant adjustment did not occur until ¥y, had reached —1.§ MPa.
However, this impression may be jliu evidence that irrigated
plants adjusted to any extent over the ¥\ range of —0.-66 to I-5 MPa, this may be
explained by the fact that the range of ¥, was largely a result of transient changes involving
both increases and decreases in ¥, and was not due simply 10 a gradual decline in ¥. Unless
¥ declines gradually a positive relationship between ¥,0 and adjustment cannot be expected.
However, the relatively low

¥, . (and ¥,) of irrigated, flowering plants compured with that
of young pot-grown plants

(Table 1) is suggestive of some prior adjustment. though it is
unclear as 10 whether emvironmer
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Ihe data indicate that while shifts in ¥, win Were not wholly accounted for by bulk leaf

aoue adjustinent, such adjustiment probably contributed to the ditferences observed in

.. between plants in the two studies and also between irrigated and droughted plants in

L il Begg and Furner (1976) in their review pointed out the differential responses of

Bats grown in the field and in controlled environments. Jordan and Ritchic (1971) found

& stomata of leaves on cotton plants grown in the field remained open even when leal watcs

eutals approached - 3-0 MPa, whereas stomatal closure occurred at —1:6 MPa in

ytotron grown plants. Altered stomatal response has also been observed in relation to
ogenetic changes. Fully irrigated apple trees bearing fruits had greater stomatal opening
. non fruiting trees (Hansen, 1971). Ackerson, Krieg, and Sung (1980) found the response
sorghum stomata to be independent of bulk feaf water potential in flowering, but not in
getative, plants. Leal age eflects may, however, have been confounded with ontogenetic
anges in that study. Syvertsen (1982) observed in citrus higher ¥, ., for recently expanded
wes than for mature leaves. Such observations suggest tnat environmental differences, leaf
e, and developmental changes may all be involved in changes in the relationship between g,
4 ¥ Further rescarch to evaluate the relative influence of these three factors in millet is in
OpIENY,

fhe independence of stomatal behaviour from bulk leaf water relations rules out the use of

as proposed by Turner e al. (1978) to measure the degree of vsmotic udjustinent in
[ nllet. Ehe mechanisms whereby stomatal opening is sustained
s possible that localized

¥

i
A prowan plarts ol pew
Lopite scro buik leal W, have still to be sesolved though it scem
smotic adjustiment by the guard cells may be involved. That the difference between ¥, oy,
ad ¥, in pearl millet at flowering (Table 1) was most pronounced in droughted plants
where bulk leal adjustment was most favoured) is consistent with this idea. Brown, Jordan,
ad Thomas (1976) observed differential osmotic adjustment by abaxial and adaxial guard
«ells of cotton which corrclated with stomatal response to water stress, though this
«justment alone was insufficient 1o account wholly four the difference in stomatal response 10
dress. Other mechanisms of stomatal adjustment have been considered briefly by Ludiow
(1980), though there is little relevunt experimental data ¢ oncerning these. There is thus a need
for investigations to elucidate the processes responubl: for stomatal adaptation and hence

hanges in its relation to bulk leal water status.
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Iinheritance and linkage
relationships of a new lobed
vexillum mutant in chickpea

N. K. Rao and R. P. S. Pundir

ABSTRACT Inherntance of a new three-lobed
vexilium mutant isolated from a chickpea cultivar
ICC-7545 is reported A single recessive gene
controlfed this trait Joint segregation studes re-
vealed linkage with two other marker genes
controlling broad leaflets, and double-flowered
peduncle The symbol /vx 1s proposed for lobed
vexilium character

1abihity of the world collection of chickpca
Cicer arietinum L ) germplasm, maintained by
the Genetic Resources Umit of ICRISAT, during
the post-rainy scason of 1977 78, a plant with an
unusual vexillum (standard pctal of the flower)
shapc was isolated from a broad leaved Fthjopran
cultivar, 1CC-7545, and found to breced truc 1n
subscquent ycars In contrast to the entire obo-
vate vexillum gencrally found 1n chickpeas?, the
new mutant has a three-lobed vexillum (Figure
1) The inheritance of this character and its
hnkage relationships with two other marker
genes of chickpcea were studied and 1ts usefulness
as a marker 1s discussed

d:nl L studying the rangce of morphological

Materials and Methods

Crosses were made between the lobed vexillum
mutant (which also has broad lcaflets) and a
double-flowered desi (local Indian) cultivar,

spectively Genectic Resources Unit International

rops Rescarch Institute for the Scmi Anid Tropices
Patanchcru PO 502 324 Andhra Pradcsh India
ICRISAT journal scries no 263 The authors thank
Drs J B Smuthson € I 1| Gowda and1l | (G van
der Macesen for theirr advice and comments on the
manuscrnipt
@ 1983 Amecernican Genetic Association

. The authors arc rescarch technician  ind botanist

JA

Flowers of the lobed vexallum mutaint
(lef) and common chickpea (night)

FIGURE 1

JG-62, with two flowers borne on cach peduncle
and normal elhiptic lcaflets. during the 1978 79
season Light I, plants were raised durning
1979-80 The F> population was grown during
the 1980 81 post-rainy scason and the observed
scgregation ratios for the lobed vexillum, broad
lcaflets, and double flowered peduncle were
tested for goodncess-of it to the expected ratios
by chi-square?

Results and Discussion

All 1, plants had normal vexillac  clhiptic
lcaflets, and single-flowered peduncles, indicating
that these traits are dominant A scgregation
pattern of 3 1 1n the | > indicated that the lobed
vexitium s governed by a single recessive gene
Broad leaflets and double-flowered peduncles

Table 1 Segregation for vexillum, lcaflet
shape, and number of flowers per peduncle, 1in a
cross between JG-62 and a mutant line of 1€ C -
7545 chickpeas

x2
No observed adjusted
Trant normal mutant* (31) r
Vexitlum 365 102 2 S69 02 01
1 caflcts 342 12S 0732 0S 03
Flowers 365 102 2 S69 02 01

* T hrce lobed vexillum broad lcaflets two flowers
per peduncle

2 b3

also were found to be monogenic recessives
(Table 1)

The monogenic recessive inheritance of the
double-flowered peduncle obtamned here confirms
carher findings? 4 ¢ Our studies indicate that
broad lecaves also arc controlled by a single re-
cessive  gene similar  to several other leaf
shapes narrow,. obovate, bipinnate and sim-
ple  studied earlier by various workers! ¥ 58

Joint scgregation studies revealed close hnkage
between lobed vexillum and broad lcaflets The
double-flowered peduncle, however, appears to
be loosely hnked to lobed vexillum (Table 1)

The occurrence of a lobed vexillum in Cicer
artetinum s reported here for the first ime The
ncw recessive mutation has no pleiotropic effects
and all other characters of the plant essentially
remained unaltered The gene symbol /oy s
proposcd for lobed vexillum

The new mutant s of value o plant brecders
as a genctic marker inaisolatung acaidental selfs
during hybridization. and 1n identuifying and
evaluating marker hinked genes affecting specific
quantitative traits As a marker it also may be of
valuc 1n surveying genctic vanation in popula-
uons and interpopulation vanabihity
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Table IT  Joint segregation of characters 1n a cross between JG-62 and a lobed vexillum mutant of 1CC -7545 chackpeas
Trasn I » phenotypic classes x2 adjusted P

L.obed vexallum (3 1) normal vexillum normal vexillum lobed vexillum lobed vexillum

vs normal lcaflects broad lcaflets normal lcaflcts broad lcaflets 154 756 <0 001
Broad leaflets (3 1) 318 47 24 78
1 obed vexillum (3 1) normal vexillum normal vexallum lobed vexillum Jobed vexiflum 002 001

vs single flower doublc flower single flower doublc flower 6 282
Double-flowered (3 1) 295 70 70 32
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