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Carbon Dioxide Exchange in Water-stressed Sorghum' 
' 3Linda L. Shearman, J. D. Eastin, C. Y. Sullivan, and E. J. Kinbacher2

ABSTRACT ter balance according to Crafts (-A al. (1949). Hy. 
Carbon dioxide exchange was monitored in potted RS 

610 sorghum [Sorghtim bicolor (L.) Moench] in a growth
chamber as it dried out from a freshly watered condition 
to severe water stress. Carbon dioxide uptake it the 
light decreased to near the compensation point at water 
potentials near -25 atmospheres. Leaf resistance to gase. 
ons exchange was high at this puint. Evi'lution of CO. 
in the light occurred as stress became greater. Dark evo-
IItion ot CO. was higher at water potentials near -20 
atmospheres than in either the more severely stressed or 
non-stressed condition. The activity of phosphoenolpy.
rnvic carboxylase remained comparatively high as water 
stress increased. 

Additional key words: CO. exchange, Photosvnthe. s, 
Respiration, Leaf resistant.c, Phosphoenolpyruvi carbo-
xylase. 

ORGHUM 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 influence of water 
stress on photosynthesis and respiration are varied 
and inconclusive. Dastur (1925) and Slavik (1963) and 
(1965) found a direct correlation between photosyn-thesis aondhydrt orthe lain btisse Chash i 
thesis and hydration of the plant tissue. Ghrelashvili 
(1941) found in all species which he tested that a cer-
tain degree of mild water stress (the degree varyingamonn s caused CO. uptake to be at a maxi-a species) 
inum; after that point it decreased. Veihmeyer (1956) 
conclded- 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 eqtallv available to 
plants over the range of moisture equivalent to wilt-
in- percentage.(a 

One complicating factor in studying the effect of 
water stress on CO 2 uptake or evolution is stoinatal 
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 
fromfo studies bv Nir and Poljakoff-Mayber (1967) and
Shimshi (1963). However, Troughton (1969) found 
that photosynthetic rate reduction in cotton leaves was 

due solely to stomatal closure until severe stress
curred. 

oc-

Enzymatic reactions are also greatly affected by wa-
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drolytic reactions often increase while synthetic reac
tioits decrease with increasing stress. 

In order to compare results of water stress effects 
o11 physiologic rates atn , species, Brix (1962) em. 

t o of petesinin (19nt e
phasized thle importance of determining plant water 
stress in terms of tile physical status of water. Water 
potential ( 1t), a therocI, nain ic te pi'tposed by
Slatyer ard Taxlor (1960), iS used in this paper to 

a .
 
describe water status of tile plant tissue.
 

This investigation was initiated to partially char
acterize the effect of increasing water stress on photo. 

synthesis arid respiration ill sorghum and on activity 
of phosphoenolpyruvic (PEP) carboxylase, the primary
carboxvlating 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 droughtresistance (Sullivan et at. 1968). Two plants per IS-cm pot were grown and tested in a growth chamber at 29 C and 10", relative 
hnmidity. A i2-hour light and 12-hour dark cycle seas used. 
Two plants per pot at the 8 to 9 leaf stage, treated as one ex
perinlental unit, were enclosed (aerial portion) in a plexiglass
chamber (2'; liters volinie). Light intensity within tht plexiglass
plant chanber in a horizontal plane at t'he top lcaf level was-2:17.A X 10 microeinsteins cu sec" (100-700 nt range). 

Air was circulated within the chamber by a fan with a capacity of 190 liters per minute (lpin) and llowed through thechamber at 25 to 410 lpm. Air was ,ampled esery 15 or 30 
minutes and alvzed in a Beckman difierential infrared gas 
analvzer (IRGA) according to the method of Heketh and Moss 
(196:). Leaf teniperatures were measured with t:'crmocotiples

Lndranged from "10 to C. I4l.eaf area was determined three tinies during the experiment,
because of the gradual reduction of livin, leaf tissue induced by 
water stress. The total leaf nea pvr plant was estimated from
lcaf length nultiplierd by the greatest width multiplied by 0.68

factor derived from leaf are, and length X width measure. 
nents). 

l'lant water potential was determined bv use of a Spanner 
(1931) type thermocoople psychrometer si;niiar to that described
by Box (1965). Water potential determinations we e .made fromIcm-diaseter samples cut from the widest part of tie longest 
leaf on each plant. Water potential lieasurements listed were 
taket at the end of each light or lark co. nonitoring peiod 
atd represent the plants near their poitts of grettstreA for 
each respective period. Leaf resistance to water lo,.s was nleas. 
tired with the diffusive resistance instrlrminrt desc:ribedl by van
tiavel et al. (1965). 

Carbon dioxide exchange rates were iteastired sirnohianeonislv 
every 1/2 hour on two plants (htring the first 8 hours of a light
and dark period. Only 8 hoors of each 12-hour period weremionitored because the rest of the period was needed for other 
measurements. standardization and iqitilibration of the system.
Carbon dioxide uptake anid cvohitirm tales were averaged for 
the meastiretnents during the 8 hour period and their standard 
deviations colnpuLtted. 

.\saxs for IEI carhoxslase activities were miade Ater rnoni. 
toing CO.. exchange. Green leat tiste of each plant, mi ntis 
the ntidribs, was cUt into I-cm pieces and qtjicklv chilled. Dnr. 
ing the isolation procedure the plant tissue was'kept near 0 C. 
T grains weight) of tisne %%as lomogenized lor ITen (freshf 
ttinute at half speed in an oinimixer equipped with a razor 
blade rotor. The extractions were made in 80 nil of solution 
containing 0.01 31 NaCI, 0.01 .11 inercaptoethanol and 0.05 11 
glycylglycine at pF1 7.6. Sncrose concen'ration of each extrac. 
tion'solution was determined by the water potential of the plant 
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tisstie. The hoinieniate was filterett through glass wool anti 

then centrifitted at 121 X g for 2 min to remove debris, at -t80 
x g for 5 min to obtain a chloioplast pellet, and at 1-1,000 X g 
for' 2) rmin to obtain a itiocliodrial pellet. Enzme activities 
were determined oil the bulk fraction (after debris ivetoval). 
IeiC iit'ttil'eil milch1ont and ftiaction, and the1ial iltiroplait 

The restispensioncomn?)llend supetl it ants fro tci ltriitiI'tion. 

ol (tion idh the extiactio solhtion except that the 
NaCl was deleted. Tie reaction ,uhilion illintli enlzyme 

0. ientical to 
the 

StlCfC Collt:illed of I'1, 16 of Nl SO,..I ti/iiules aollvht 4., noes 

IA i)dlitt i ghiltarnlate, t liioneC ol a: ,.2(1) -kNlltlcirte, anti 12 titnoles 
o' NalI'. To 3.75 ii o[ tie reictonixl\ttre were added 

and 
of hit! ent/Vtii soml-lce.[lie itltion mixttre '%as llallita 
0.2.1 ril of NIll"LO. solution iapproxiinat ly2.,jtc) .,nil 

llde at 
t after 3,6each react ion iixture was acitdified at 

alld Q 1 illh injection into 0.5 iil O[ l.\I CI. Reaction rates30 C. Clit, 111 of 	 t 

stelre itt:ildv litlear over litOrs of 6 and 9 nin. Air was 
ntun in order totiltiuigh each acidified mixture for 3 

remove infixed iCO-. A 0.2-i'tl samtple Was reinoed from these 

Packardl Tri-Carb scintillation counter. 

It)l)l)led 


inixtures and colnted itn a 
determined.Chlimplhl conlent of each ei'vltle sotirce, when 

was hn Arion' (1949) procedtire and protein was determined 
1 thi procedure de.cribed I)vLowry etal. (1931). 

RESULTS AND DISCUSSION 
The CO., uptake rates in Table 1 are grouped ar-

bitrarily into three categories according to degree of 

Carbon dioxide uptake values did not decreasestress.directly in proportion to tihe increase in water po-
iety 11Lptin0,47o0.05 

tential. An average CO., uptake rate of 8.9 mg 
2 -
d -ni was observed for the 0ottp of tUrgidhr
 

planls. Moderately stressed plants (-18.6 ± 0.8 
atm) showed no decrease in CO., uptake rate from the 
nonsttessed vahtes but about a 50c.. decrease *~If90(4.20 

a * /0ngs Las.. 
1-	 -4-1.5 atm. The 

mg dnl-r ) was observed at -20.3 
severely stressed plants show very low CO2 uptake 

- t
values averagitlr 0.40 in-dm-2 hr . The rapid de
crease in CO.,Uptake occurred arotnd a water po-
tential of -20 atn. 

Leaf resistances for these low-light growth chamber 
p)lants were all relatively high. Average leaf resistances1-t - 1> 60 sec cmfor typical plants .:e 13.2, 30.6, and 
for approximate water potentials of < -13.5 (tur-
gid), -21, and --24 atmospheres, respectively. The 

atino-fairly sharp drop in CO2 uptake at about -20 

spheres corresponds with the increased leaf resistance 
noted at this approximate water potential. Leaf re-

sistance increa.,ed more sharply at --24 atmospheres 
at which time CO2 uptake approached the conipensa
tion point. Ii fact the diffusive resistance meter de-

severely stressed 
tected no water loss from the more 
plants. 

The response of moderately and severely stressed 
plants to watering is ilhtstrated in Figure I.The wide 

Ihtctttation in CO., uptake measured several hours 
after watering is likely associated with rapid changes

0 C, 
in stomatal aperture. The (lay after watering, CO 2 

uptake in the modlerately stressed plants reached the 

origiual maximhal level. [-iowever, recovery' was less 

than cotltplete in plants .stresied severely enoutgh to re-
duce CO., uptake to near the compensation level. 

Dark CO, evolution data are given in Table 2. 
Nonstrcssen plants showed an average CO.,evolution 

-
rate of 0.81 Iig dm--2hr 'which increased utnder mol-
erate stress (approaching -20 atmospheres) to 1.31 

.ltlg dr- 2111-1 Valuies for severely stressed plants were 
greatly reduced fromieither tile nonstressed oro od-
erately stressed tfigtures. The CO-, evolution values 

for the samples with water potentials of -26.3 -L 
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Table 1. CO. exchange at low light level as affecied by water 
-t 


stress. Figures for mgCOA_-.'hr of uptake were averaged 
from readings taken every / hour during the first 8 ir of 
a regular 12 hr dark-12 hr light cycle. 

'rula .,i, ere, S..,r, r,,
Cliuptale ,
CO,uptake 41 

;uotr.'1hr. tm t v' :1Mz mI m' aim 
. , *o:: 3 . o. aev. t. d .*h av'g.a. .	 .". -lv. 

9.B7-0.o -17.2,f0.t 
-12. 52.2 9. 1.l.j7 -tiiA.C.b 

0.4 0.06 -75.3-.U 5 
1e :13.51 -28..12.5

6.2(0). L5 -13.0*1'.2 4..Ur0.72 -20,3I=1.5 
21.;4 	 t. 20-0.113 

0. 690.15 -34.2.1.99.TO09,.63 B1.3 
. 27..) -53.70.09.800.27 -13.05,0." 

I.\..rtlO 
0.4)-0.06 -36.24t.5 

Dutotoequipment tallure, tbse wvater were 
.93.0.23 -13.11..2 6.771.10 -19.!-t. 2 

potential valaes otima:.d from meaure. 

inentuolmitarpant.. Singleroadi2,. 

Table 2. Dark COS exchange at increasingly severe stages ot 

water stress. Figures for mg CO. dlm-hr -' evolved were aver
aged from readings taken every . hour during the first 8 
hrs of darkness of a regular 12 hr dark-12 hr light cycle. 

tres. Seveet.....Turtd 2tdted , CO, ov edco, evove CO,., 
,Lmtrhlht',r, ,.,, r mat 

St. iev. nv . de. 
S. .. . '.',." '&V" avg. !ev. 

.L.0.79.0. 10.11 9ft. .21.4 .,.
.
, 

1.14t)O 1i.60.28 34.2oL.926.3.L.51.,,.,,1.0301 113:.222.h,.2 30 ).67 0.0.25.z0.0242,0. lit
s13.5 12.1.t0.20 2J3.=5.t 23.4.2.5l 1.0.t2.2 1.410.09 14.4.1 0.42m0.Oitl .04.'i 

0. 23o0.0234..0 
.-. Us g 

0. 14 0.04 5S.70.0o.tS.09 13.510.4 

0.61t[.09 12.7o1 t i.31&0.t2 19.;3.1 0.29-0.05 35.52.L 

failue, .. were +o|lmate.d 
mnt on ilmtir plants. t Thro.. figures were cubtalnod by averaging V/2 hour read
•Due toequIpmentlt. e ter potential valtei from measure

over the first 	 areilug:overesttmates. see text4 hoursfollowing darkness and 
for .ptaiation. 
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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 soil saturation. 
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Table ". Comparative activities of phosphoeniolpyruvate carhi. 
xylase in sorghin at different dt-grees of water stress. Cell 
fractions used as cnz)ne sources were obtained by cntrifu. 
gation as described in the test. Activity is expressed as average dpnis fixed from samples taken after '1, 6 and 9 
tniltes of reallton per ilg protein, per incfrotole snbstrate, 
per minute of reaction - mteani deviations. ]'lnts A and It 
were ais.aed sinatiltaneotly, as were plants C and D and 
plants E and F. 

,.- .\.2 A",I-p MA-1vi I-

1
aUilk A 3, 10 7 C A , u 70 io n 1.2.1.....;,) 1 - 1 1,, ,. , 10:.1' F 

C11ro- .1 
 l\ 1.. !-i . P t 40 

A3t* l 1 Ct: .4. ,,
drta 1 i 7 I' 2 D 1.1 1.2 . ' s 

SupernAtant A 3.4 X: 1, 1.071 1 1. 9 10 430 

) 1 I , I../ 

n 5. (; 75, ) I 9- A, Fl 9.L1 6 0tfl 
- 1, ta. ; -21).. . : .:=.5. ,tt :Js -:,.-2.5, 

,i -4.53trn 'l"- 0.*h . 1 r: -M..- 3 +t.1.,1!a 

1.5 and --28.4 -t 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 (inconipari-
son to a full dark period average) is caused by 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 stonatal resistance may be a factor in 
the rapid decline in CO., evolution although Brix 

(1962) found that high CO, evolution continued 
even 

with high stomatal resistance. 'Measured stomatal re-

sistances for nonstressed plants illdarkness ranged 

from 16 tofrm16tom355 sec sc t 

-t. eNo plnNooutanOtwardtco diffcsionfuld onetect,of oe wa-

ter- vapor from the stressed plants conld be detected.
Increases illCO2 evolution with stress have been re-

ported by Schneider and Childers (1941) and Katil(1966), who also reported that following the increase, 
a significant decrease in CO 2 evolution occurred as 
stress incaeased. Possibly this relates to substrate avail-
ability. Reports of decreases only in CO., evolution 
with stress (Brix, 1962: Boyer, 1965) may relate to pe-
culiarities of the different plants used for testing or to
the denee of stress inflicted."

t i 
Enzyme Assays. 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 carboxvlating, enzyme. 
appeared to hsave less ehfect as water stress increased. 
Enzyme activities from several sources (Table 3) were 
oenerally lower illextracts from plants at about -- 200 1the 
atmospheres than from plants in either the tUrgid or 
severely stressed (-25 atmospheres) conditions. Pos. 
sibly higher activities from severely stressed plants 
may relate to greater cell breakage aid enzyme ex-

titldet- itdIlistipostire under those conditions. Slack ct al. (1969)
feel the enzyme is likely associated with tile bolnding 
mnembrane of mesophyl'l chloroplasts illmaize. Bticke 
and [.ong (1971) showed that variation in enzyme 
activity call be an artifact associated ith differential 
cell breakage dtle to grinoings that inflict different 
atnottn ts of cellular damage. 

The main point is that while enzyme activities from 
plants at different stress levels do vary, they do not
fltictuate from some high level to near zero net activi-

12, JULY-AUGU T 1972 

ty with increasiig water stress as does CO 2 uptake in 
intact plant tissue. Therefore leaf resistance appears
toct int tiuili eetoC0 lpaf itancpears 

to be snore limiting to CO, uptake with
water stress thar does enz)'re activity. Phosplloenol.
pyrtivic carboxylase has a iel tiivcIvIi",11 rc spctratlire 

oj~ tim (Treharne and Cooper, and the ell. 
/tne in sorghtlnl ;Ippea's tO be quite stable as has 
been demonstrated inother planits by Iwandol ,i1967). 
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