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:Carbon Dioxide Exchange in Water-stressed Sorghum'
Linda L. Shearman, J. D. Eastin, C. Y. Sullivan, and E. J. Kinbacher3

ABSTRACT

- - Carbon dioxide exchange was monitored in potted RS
610 sorghum [Sorghum bicolor (L.) Moench] in a growth
chamber as it dried out {rom a freshly watered condition
to severe water stress. Carhon dioxide uptake in the
light decreased to near the compensation point at water
potentials near —23 atmospheres. Leaf resistance to gase.
ous exchange was high at this point. Evolution of CO,
in the light occurred “as stress became greater. Dark evo-
lution of CO, was higher at water potentials near —20
atmospheres than in cither the more severely stressed or
nonstressed condition, The activity of phosphoenolpy-
ruvic carboxylase vemained comparatively high as water
stress increased.

Additional key words: CO, exchange, Photosynthe: is,
Respiration, Leafl resistanc:, Phosphoenolpyruvic carbo-
xylase.

SORGHUM is a crop known for its ability to per-
sist under heat and moisture stress and often to
recover once stresses are alleviated. Mechanisms which
permit sorghum plants to survive water stress condi-
tions are not well understood.

Results of studies regarding the intluence of water
stress on photosynthesis and respiration are varied
and inconclusive. Dastur (1923) and Slavik (1963) and
(1965) found a direct correlation between photosyn-
thesis and hydration of the plant tissue. Chrelashvili
(1941) found in all species which he tested that a cer-
tain degree of mild water stress (the degree varying
among species) caused CO, uptake to be at a maxi-
mum; after that point it decreased. Veihmeyer (1956)
concluded: that CO. uptake was not affected by water
stress until permanent wilting percentage was reached.
Kramer (1963) questioned Veihmeyer’s theories and
pointed out that soil water is not equally available to
plants over the range of moisture equivalent to wilt-
ing percentage. _

One complicating factor in studying the effect of
water stress on CO, uptake or evolution is stowatal
closure. Vaadia, Raney and Hagen (1961) found that
stomatal closure at low light intensities had little
effect on rate of CO, uptake, whereas under high light
intensity, such as field conditions, diffusion rate of
CO; was limiting. Similar conclusions were drawn
from studies by Nir and Poljakoft-Mayber (1967) and
Shimshi (1963). THowever, Troughton (1969) found
that photosynthetic rate reduction in cotton leaves was
due solely to stomatal closure until severe stress oc-
curred.

Enzymatic reactions are also greatly affected by wa-
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ter balance according to Crafts et al. (1949). Hy-
drolytic reactions often increase while synthetic reac-
tions decrease with increasing stress,

In order to compare results of water swress effects
on physiologic rates among species, Brix (1962) em-
phasized the importance of determining plant water
stress in terms of the physical status of water, Water
potential (), a thermodynamic term proposed by
Slatyer and Taylor (1960), is used in this paper to
describe water status of the plant tissue.

This investigation was initiated to partially char-
acterize the etfect of increasing water stress on’ photo-
synthesis and respiration in sorghum and on activity
of phosphoenolpyruvic (PEP) carboxylase, the primary
carboxylating enzyme (Hatch and Slack, 1966; Slack
and Hatch, 1967).

MATERIALS AND METHODS

Sorghum bicolor (L. Moench, hybrid ‘RS 610" was used since
it is widely grown and has shown a degree of heat tolerance
which is a characteristic often found associated with drought
resistance (Sullivan et al. 1968). Two plants per 18-cm pot were
grown and tested in a growth chamber at 29 C and 407, relative
humidity. A [Z-hour light and i2-hour dark cycle ‘was used.
Two plants per pot at the 8 10 9 leaf stage, treated as one ex-
perimental unit, were enclosed  (aerial portion) in a plexiglass
chamber (26 liters volume), Light intensity within the plexiglass
plant chamber in a horizontal plane at the top leaf level was
374 % 1074 microcinsteins cm™ sect (400-700 myp range;.

Air was cirenlated within the chamber by a fan with a capa-
city of 190 liters per minute (Ipm) and Howed through the
chamber at 23 to 40 Ipm. Air was sampled every 15 or 50
minutes and analyzed in a Beckman ditferential infraved gas
analyzer (IRGA) according to the method of Hesketh and Moss
(1963). Leaf temperatures were measured with taermocouples
and ranged from 30 to $4 C.

Leaf area was determined three times doring the experiment,
becanse of the gradual veduction of living leaf tissue induced by
water stress. The total leaf mea per plant was estimated from
leat length multipliedl by the greatest width multiplied by 0.68
{a factor derived from leaf arew and length % width measure.
ments).

Plant water potential was determined by nse of a Spanner
(1951) type thermocouple psvchrometer simifar to that described
by Box (1963). Water potential determinations were .nade from
l-cm-diameter samples cut from the widest part of the longest
leaf on each plant. Water potential measurements listed were
taken at the end of cach light or dark CO, monitoring petiod
and represent the plants near their points of greatest stress for
cach respective period. Leaf resistance to water loss was meas-
tred with the diffusive reistance instrument described by van
Bavel et al. (1963).

Carbon_ dioxide exchange rates were measured simultaneously
every 14 hour on two plants during the first 8 hours of a light
and dark period. Only 8 hours of cach 12-hour petiod were
monitored because the rest ol the period was needed for other
measnrements, standardization and equilibration of the system.
Carbon dioxide uptake and cvelution rates were averaged for
the measurements during the 8 hour period and their standard
deviations computed.

Assiys lor PEP carboxylase activities were made atter moni-
toring CO, exchange. Green leat tissue of cach plant, minus
the midribs, was ent into 1-cm pieces and quickly chilled. Dur-
ing the isolation procedure the plant tissue was kept near 0 C.
Ten grams  (fresh weight) of tissue was homogenized for |
minute at half speed in an omnimixer cquipped with a razor
blade rotor. The extractions were made in 80 ml of solution
containing 0.61 M NaCl, 001 M inercaptocthanol and 0.05 M
glycylglycine at pH 7.6. Sucrose concentration of cach extrac.
tion solution was determined by the water potential of the plant
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lissue. The homogenate was liltered through glass wool and
then contrifuged at 121 x g for 2 min to remove debris, at 180
% g for 5 ntin to obtain a_chlovoplast pellet, and at LLO0G X g
for 20 win to obtain a mitechondrial pellet. Enzvme activities
were determined on the bulk fraction (after debris vemoval),
resuspendded  mitochondrial and chitoroplast fractions, and the
combined supernatants from centrifugation. The resuspension
whition wias ilentical to the extraction solution except that the
NaCGl was deleted, The rveaction wlution minus the enzyme
sotree contained -+ yamoles of PEP, 16 amoles of MgS0,, + qunoles
of wdium glutamate, 200 amoles of glyevlzlyeine, and 12 umoles
of NabCO,. To 875 ml of ihe rezction mixwre were added
0.9% ml of NaHUCO; solution (approximately 2.5 pc) and 14 ml
of the enzyme sottree. "The reaction mixture was nnintained at
30 C. One ml of each reaction mixeure was acidified after 3, 6,
and 9 min by injection into 0.5 ml of 1IN HCl. Reaction rates
were reasonably Jinear over ranges of 6 and 9 min. Air was
bubbled through each acidified mixiure for 3 nmin in order to
remove unfixed MCO. A 0.2-ml sample was removed from these
mixtures and counted in a Packard Tri-Carb scintillation counter,
Chloraphyll content of cach tnzvme source, when determined,
was by Arnon's (1949) procedure and protein was determined
by the procedure described by Lowry ct al. (19531).

RESULTS AND DISCUSSION

The CO., uptake rates in Table 1 are grouped ar-
bitrarily into three categories according to degree of
stress. Carbon dioxide uptake values did not decrease
dircetly in proportion to the increase in water po-
tentiul. An average COa uptake rate of 8.9 mg
dm~2hr=t was observed for the group of turgid
plants. Moderately stressed plants (—18.6 = 038
atm) showed no decrease in CO, uptake rate from the
nonstressed values but about a 509, decrease (4.20
mg dm~2hr=1) was observed at —20.3 = 1.5 atm. The
severcly stressed plants show very low CO: uptake
values averaging 0.40 mg dm~2hr=1. The rapid de-
crease in CO, uptake occurred around a water po-
tential of —20 atm,

Leal resistances for these low-light growth chamber
plants were all relatively high. Average leaf resistances
for typical plants wove 13.2, 30.6, and > 60 sec cn™!
for approximate water potentials of < —13.5 (tur-
gid), —21, and —21 atmospheres, respectively. The
fairly sharp drop in CO. uptake at about —20 atmo-
spheres corvesponds with the increased leaf resistance
noted at this approximate water potential. Leaf re-
sistance increased more sharply at —21 atmospheres
at which time CO. uptake approached the compensa-
tion point. In fact the diffusive resistance meter de-
tected no water loss from the more severely stressed
plants.

The response of moderately and severely stressed
plants to watering is illustrated in Figure 1. The wide
fluctuation in CO. uptake measured several hours
after watering is likely associated with rapid changes
in stomatal aperture. The day after watering, CO.
uptake in the moderately stressed plants reached the
original maximal level. [lowever, recovery was less
than complete in plants stressed severely enough to re-
duce CO, uptake to near the compensation level.

Dark CO, evolution data are given in Table 2.
Nonstressed plants showed an average CO evolution
rate of 0.81 mg dmm~2hr~! which increased under mod-
crate stress (approaching —20 atmospheres) to 1.31
mg dm~2he=!, Values for severely stressecl plants were
greatly reduced from either the nonstressed or mod-
erately stressed figures. ‘The CO. evolution values
for the samples with water potentials of —26.3 =%
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Table 1, CO, exchauge at low light level as affecied by water
stress,  Figures for mgCOAm=hr? of uptake were averaged
from readings taken every 14 hour during the first 8 lus of

a regular 12 he dark-12 hr light cycle.

Turgld Modemte stress Severs siresd
CO;p uptake 14 €Oy aataie v CU} uptake k4
g/ dm¥hres atm & sp/dm¥hes aim s me/dm¥bre atm ¢
st, dey, avy, dev, 12, dev, avy, fev, at, duv, avy, dev,
9,872, %0 -12,2:0,1
5,60 -12,822,2 9,301,877 ~15. 6B

6, 200, 15 ~-13,0:7.2 4..0:0,72 <20,351,5 0,430,086 -25,3%1,5
9,821,494 s13,5° 0, ( -25,3¢2,5
9,29:0,63 <13, 5¢ 0,99 -34,2:1.9
9, 800, 27 ~13.5:0,4 0,27:0,09  -33,7:0,0
Avernzo

H.93:0,78  -13.1:1.2 6,77¢1,30  -19,%1.2 0,40:0,08  ~36,2s1,3

* Due to equipment {aiture, thege witer palentlal values were eatimated {rom messures
ments on similar plants,

Table 2.

t Stagle roadiag,

Dark CO, exchange at increasingly severe stages ot
water stress, Figures for mg CO, dm-*hr! evolved were aver-
aged from readings taken every 14 hour during the first 8
hrs of darkness of a regular 12 hr dark-12 hr light cycle,

Tuar:id Moderaty streas Severe stross
€O, cvolved ¥ C0); evolved ¥ O, evolved A4
mg/dmY/hrs ntm mg/imthee atmo g mz/dm¥bre  atm &
at, dev, avy, dev, st, dev, avg, Jdev, st, dav, avg. dev,
0,92:0,02 10, f20), 4 0,33:0,05 20,3:1.5
0,790, 11 12,2:0,1
1,03:0,24 12,802,2 1,303,047 - 15,620,08 0.42e0, 11t 26,3sL.5
1,040, 00 13,0:2,2 1416008 19,024,1 0,42:0,051  23,482,5
0,470,035 <13, 5 12,1:0,20  20.3=5.1 0,24:0,02 34, 2:0,9
0,63+0,04 <13,3* 0.13:0,03  47,9+5,0
0,5180,09 13,5:0,4 0,14:0,04  55,750,0
Averazo
0,8140,09 12,711 1.31:0,12  19,3:3.1 0.29:0,05 35,582,1

* Due to equlpment {atlure, thedo water potentlal valees were 2sitmated [rom meadure~

ment on similar plaats,

1 These figures were chtalned by averaging 1/2 bour read-

Iogs over the first 4 hours following darkness arnd are sUght overestimates, Sece text
for explanation,

3.0
2.5 .
._‘ . 8 e e
2,0 ’ B
[ 1) *. ’
15, .
1.0 .
i O = modarais siress
0.5 o = sovere atrass
[]
/4
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Fig. 1. CO; uptake rates of moderately stressed and severely
stressed plants immediately following and 1 day after water.
ing to soll saturation.
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Table 3. Comparative activities of phosphoenolpyruvate carho.
sylase in sorghum at different degrees of water stress. Cell
fractions used as enzyme sources were obtained by centrifu-
gation as described in the test. Activity is expressed as the
average dpmis fixed from samples taken after 3, 6 and 9
minutes of reaction per mg protein, per micromole substrate,
per minute of reaction == mean deviations. Plants A and B
were assayed simultaneously, as were plants € and D and
plants E and F,

dnm omeeé Avydmp mgob

Euzyme %
.5-imic=d Plint* umoles-imla=t

Huurce Plaage

Ialk A 32us. T LR Tt I n,54 18 e 370
n 2012 D RN S P 3,304 108 £ 430

Chloro= PO A UL L SI¥e 10 B 87 1t e 40
plasty I L1 1. + Db B C SI R 48
Mitochon- A PR R (1Y 13 ¢ LD ST 4 L3s 18 e n7
dria B I UL T SlAy v F mA Ay 8
Supernatant A IR 0 I S Pt B -1y 5,97 10 = 130

B 56 W1 s 20D L LR s AGD

"y -l GSum Vo # =0 1 50wt Ypomisi o A
ip =135 atm el s i am ot e el

L5 and -—28.4 = 2.5 atm are slightly higher in com-
parison to the other values in this table. This is be-
cause these represent averages over a 4-hour instead
of an 8-hour period. The overestimate (in compari-
son to a full dark period average) is caused hy a peak
in CO; evolution which occurred in both turgid and
stressed plants by the third hour of darkness after
which the rate declined and leveled off. The elevation
of the peak was less for severely stressed plants than
moderately or nonstressed plants.

Increased stomatal resistance may be a factor in
the rapid decline in CO. cvolution although Brix
(1962) found that high CO; evolution continued even
with high stomatal resistance. Measured stomatal re-
sistances for nonstressed plants in darkness ranged
from 16 to 35 sec em~!. No outward ditfusion of wa-
ter vapor from the stressed plants could be detected.
Increases in CO» evolution with stress have Dheen re-
ported by Schneider and Childers (1941) and Kaul
(1966), who also reported that following the increase,
a significant decrease in CO, evolution occurred as
stress increased. Possibly this relates to substrate avail-
ability. Reports of decreases only in CO. evolution
with stress (Brix, 1962; Boyer, 1965) mav relate to pe-
culiarities of the different plants used for testing or to
the degree of stress intlicted.

Enzyme dssays. Increased leaf resistance in the —20
to —25 atmospheres range obviously contributed to
a decline in whole plant CO, uptake in the light. A
second factor, the activity of the carboxylating enzyme,
appeared to have less etfect as water stress increased.
Enzyme activities from several sources (Table 3) were
generally lower in extracts from plants at about —20
atmospheres than from plants in either the turgid or
severely stressed (—235 atmospheres) conditions. Pos-
sibly higher activities from severely stressed plants
may relate to greater cell breakage and enzynie ex-
posure under those conditions. Slack et al. (1969)
teel the enzyme is likely associated with the hounding
membrane of mesophyll chloroplasts in maize. Bucke
and Long (1971) showed that variation in enzyme
activity can be an artifact associated with ditferential
cell breakage due to grindings that intlict different
amounts of cellular damage.

The main point is that while enzyme activities from
plants at different stress levels do vary, they do not
fluctuate from some high level to near zero net activi-
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ty with increasing water stress as does CO, uptake in
intact plant tissue. Theretore leaf resistance appears
to be wore limiting to CO, uptake with increasing
water stress than does enzyme activity. Phosphoenol.
pyruvic carboxylase has a relatively hish reinperature
optimum  (Treharne and Cooper, 1953) and the en.
7vine in sorghum appears to be quire stable as has
been demonstrated inother plants by Brandou 1967),

: LITERATURE CITED

Arnon, D, L I.EHQ. Copper enzvmes in isolated chloroplasts,
phenoloxydase’ in Beta vnlgaris. Plant Physiol, 24:0.15.

Box, J. E, Jro 1965, Desien and calibracion of a thermocouple
psvchrometer which uses the Peltier eftect. p. 110, fn Humid.
ity and moisture measurement and control in science and
industry, Arnold Wexler, Ed. in Chiet Vol, I Principles and
methods of measaving humidity in gases. Robert E. Ruskin
Ed.. Reinhold Publ. Carp., New York.

Bover, J. S. 1963, Effects of cumotic water stress on metabolic
rates of cotton plants with open stomata. Plant Physiol. 40
229.254,

Brandon. P. C. 1957, Temperature features of enzvmes affect-
ing Crassulacean ackl metabolism. Plant Physiol. 24:077.984,

Brix, H, 1962, The cffect of water stress on the rates of photo-
sythesis and respiration in tomato plants and lohloily pine
seedlings. Physiol. Plantaram 175:140.00, '

ke, Cooand S P Tong, 1971 Release of carbexylating en-
2ymes front maize and sugar cane leaf tissue during progressive
grinding.  Planta 949:199.210.

Chrelashvili, M. N. 194, The influence of water content and
carbohydrate accumulation on the energy of photosvnthesis
and vespiration. Biol, Abstracts 13:29659. ’

Cralts, A, S, H. D, Currier, and . R. Stocking, 1949, Water
in the physiology of plants, Chronica Botanica Co., Waltham,
Mass, 73-179 p.

Dastur, R, H. 1925, ‘The relation between water content and
photosyathesis. Ann. Dot. 59:769-736,

Hateh, M. D, and C. R. Slack. 1966, Photosynthesis by sugar
cine leaves. (A new cacboxylation reaction and ihe pathway
of sugar formation.; Biochem. . 101:103-111.

Hesketh, J. D., and D. N Movws. 1953, Variation in the response
of photusynthesis to light. Crop Sei. 3(23:107-110.

Kaul, Rudolf. 1966, Lifect of water stress on respiration of
wheat. Can. J. Bot. -H:623-632,

Kramer, Paul J. 1963, Water stress and plant growth. Agron.
J. 55:51-35. .

Lowry, O. H., N. ]J. Rosebrough, A. L. Farr, and R. J. Randalt,
{931, Protein measurement with the Folin phenol reagent,
I. Biol. Chem. 103:265-275.

Nir, L, and . Poijakoff-Mavher. 1967,
on the photochemical activity of
21303074 H13-419.

Schneider, G. W, and N. F. Childers. 1941, Intluence of soil
moisture on photisvathesis, respitation and transpiration of
apple leaves. Plant Physiol. 16:3053-383.

Shimshi, Daniel. 1963, Etfect of soil moisture and phyenvl-
mercuric acetate upon stomaal aperture, transpivation and
photosynthesis, Plant Physiol. 37:713.721,

Slack, C. R, and M. D. Harch. 1967, Comparative studies on
the activity ot carboxvlases and other enzvines in relation o
the new pathwav of photoswathetic cirbon dioxide lixation
in tropical grasses. L.ochem. ] 10350046635,

Slack, €. RN DL Hawch, and Do f. Goaddhild, 1Y, Distribu-
tion ot enzymes in mesophyll and pareschyma sireath chloro-
plasts of maire leaves in aelation to the Codicathoylic acid
pathway of photosyntiesis. Biochenr, J. i1 139404,

Slatver, R, O, and S\ Taylor, 1960, Terminology in Plant-
aned Soil-Water Relations, Nacure 137:022 02f,

Stavik, Bohdan. 1968 On the prohlem ot ihe relatiomhip be-
tween hyveration of leat tissie and intensicy of photosynthesis
and respiration. In The water refations ot plants, Ed. by A, J.
Rutter and F. 1. Whitchead, Blackwell, Oxford.

Slvik, Bohdan, 1965, The intluence of decreasing hydration
level on photosynthetic vate in the thalli of the hepatic
Conocephallum conicum. In Water stress in plants, B, Slavik,
Fd., I'roc. Symip. Prague, 1963, p. 193 Czech Acad. S,
Prague.

Effect of water stress
chloroplasts.  Nature




Spanuer, D. C. 1951, The Peltier effect and its use in the
measurement of suction pressure. J. Exptl. Botany 2:145-163.

Sullivan, Charles Y., Jerry D. Eastin, and E. J. Kinbacher, Sum-
mer 1968, Finding the key to heat and drought resistance in
orain sorghum. Farm, Ranch and Home Quarterly, Univ. of
~ebraska, College of Agriculture and Home Economics.

Treharne, K. J., and J. . Cooper. 1963, Llfect of temperature
on the activity of carboxylases in tropical and temperate
araminae, J. Expt. Botany 20:170-173.

Tronghton, J. FL. 19689, Ptant water status and. carbon dioxide

409

exchange of cotton leaves. Aust. J. Biol. Sci. 22:239.302,
Vaadia, Y. F. C. Raney, and R. M. Hagan. 1961. Plart water
- deficits and physiological processes. Ana. Rev. Plant Physiol.

12:265-292,

Van Bavel, C. H. M., I, §. Nukayama, and W, L. Ehrler. 1965.
Measuring transpiration tesistaince of leaves. Plant Physiol.
10:535-540.

Veihmeyer, F. J. 1936, Soil moisture (soil moisture in relation
to plant life). 6 p. In Encyclopedia of plant physiology III,
Springer aml Vertag, Berlin,



