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ABSTRACT

Drought stress affects plant physiology and phenology and therefore in-
fluences crop productivity. The impact of different periods of water stress
on various physiological parameters in winter rape (Brassica napus) was
studied under climate chamber conditions. Drought periodsapplied to vari-
ous ontogenetic stages of winter rape plants resulted in water loss, photo-
synthesis decrease, delayed ontogenesis as well as loss of biomass and
yield. Furthermore, vacuolar, cytosolic and extracellular invertases were
strongly downregulated on the 29" day after vernalization (d.a.v.), which
was also the case in control plants, concurrently in the phase of inflores-
cence devel opment. Thistime effect was al so found by means of corrected
osmolality. Unaffected by stress application, the corrected osmolality de-
creased significantly on the 29" d.a.v.. Between the 35" and the 45" d.a.v.,
corrected osmolality increased markedly in al variants, as control plants
matured from main inflorescence to flowering stage. In the following stage
of fruit development, stressed plants differed significantly from control
regarding corrected osmolality and invertase activities indicating stress
compensation reactions. However, the duration of the stress compensation
reaction wasfound to belimited by fixed timesignals. Stresstolerance thus
seemsto berelated to amore flexible reaction to fixed timesignalsin order
to fully use the existing compensatory potential.
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INTRODUCTION

Drought, in conjunction with coincident high tem-
perature, isthemost important environmenta congraint
to plant survival and crop productivity!™™. Typica stress
responsesinvol ve accumulation of osmolytes, amino
acidsand modulation of sugar metabolism and loss of

photosynthetic activity?. Photosynthesisisoneof the
first processesaffected in plants. Thusthefollowing
depletion of energy and sugarsimposesastressful meta
balic situation™. Consequently, inhibitionof plant growth
resultsinlossesof cropyield. However, thetiming of
water deficitsduring the season may haveamuch larger
impact onyield thantheintensity of drought™.
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Themagor plant responseat thecellular level inad-
gptation to drought, which hasaproven effect onyield
under drought stress, isosmotic adjustment!®, (for re-
view sed®). Another plant responseto drought isthe
changein carbohydrate metabolism, which may bedi-
rectly related to dehydration tolerance”. Cuellar-Ortiz
et d .1 showed that carbohydrate partitioning isaffected
by drought incommon beans. They found that themodu-
lation of carbohydrate partitioning towardsseed filling
isasuccessful strategy in the development of drought
resistant cultivars. Hexoses and sucrose are not only
substratesfor metabolism, but a so play aregul atory
rolein germination and seedling development in the
complex sugar—hormone interaction manner®. Bogdan
and Zagdanska™® report that the dehydration tolerance
level inwhesat seedlingsisregulated by the sucroseca-
tabolism and an invertase/sucrose synthase bal ance.
Luquet et al.*Y investigated the carbohydrate dynam-
icsand source-snk rel ati onshipsamong organsinyoung
rice plantsinthe course of dry-down cycles. In source
leavesthey found an increased hexose concentration
and a decrease of starch content, and vice versa in
sink leaves and roots. Furthermore, the authors ob-
served that the invertase gene expression is mostly
upregulated under stressin young leaves (sink) and
downregulated in matureleaves(source). Stressinduced
geneexpressionisclosely correlated to normal plant
growth and development, i.e. it modul atessink source
relationshipg™.

Oilseed rape (BrasscanapusL.) isoneof themost
important edibleoilseed cropsintheworld, grownfor
oil productionand proteininanima feed. Rapeisespe-
cidly susceptibleto water stressduring theflowering
period and during pod devel opment™. However, we
recently showed that oilseed rapeisa so vulnerablein
the shooting stage’**. Although the ontogenetic stages
of stressed and unstressed plants are the same at the
time of harvest, the development of seed biomassis
significantly depressed under stress. Individual plant
responsesto drought stressareindicated by the activ-
ity of theextracellular invertase and the osmoldity in
leaves. Based on the preceding study, thefollowing top-
icswereaddressed: (i) source-sink regulationsin car-
bohydrate partitioningindicated through invertase ac-
tivitiesand (i) seed biomassdeve opment under drought
stressanditsrecovery in variousontogenetic stagesas
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well as(iii) osmolytesinduced in stressed oil seed rape.
Periods of drought were applied at the stage of shoot-
ing, flowering and over both stages.

METHODS

Seedsof Brasscanapus (cultivar Titan) weresown
in containers (diameter 20 cmx 20 cm height) filled
with 8 kg ready-made soil (type ED73,
Einheitserdewerk Uetersen W. Tantau GmbH & Co.
KG Germany) and growninaclimatic chamber (KTLK
2000, Nema, Netzschkau/ V6tsch, Germany) for 5
weeks. Thevernalization stage occurred at 1°C for 4
weekswithalight/dark rhythmratio of 8 hours/16 hours
and light intensity of 595 pmol m? s? (end of vernaliza-
tion). Thereafter, the temperature was increased
stepwise every two days by 4 degrees up to 15°C /
9°C with light periods of 10 hours. For the following
80 days, thelight was set to 16 hoursfor theremaining
26 days pod filling occurred at a set temperature of
20°C/12°C.

Theinitia content of water in the ready-made soil
was 66%. A group of 68 plants(control) waswatered
daily with deionized water to 85-90% of thewater hold-
ing capacity of thesoil. Thewater amount was adjusted
according to each contai ner wei ght and consumed wa:
ter was supplemented. The content of soil water was
determined every two days so that plant biomassin-
crease could beaccounted for. Thedrought stresstreat-
mentswere: (i) stressimposed at early vegetative stage
(Sp); (ii) stressimposed at inflorescence emergence
(S); (iii); prolonged drought/stress applied to groups
of plants (S, =(S:+S) (TABLEL).

TABLE 1: Number of plants(per variant and harvest).

nu;%tg of regular harvest interim harvest
(BBCH>78)  (BBCH<79)
plants
6x6 plants +1x10
control 68 22 -
S 38 14 4x6 plants
Se 20 14 6x6 plants
S 44 14 5x6 plants
summa 200 64 136

All measurementswere performed on thefourth
leaf from thetop of the plant, asthiswasfound to be
thefirst fully devel oped leaf (intermsof size) for the
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variousgrowth stages(TABLE 2).

TABLE 2: Description of ontogeny for thevariousdrought
gresstreatments: Plant development (BBCH); daysafter ver-
nalization (d.a.v.); S, - stressimposed at ear ly vegetativestage
for 15d; S - stressimposed at inflor escence emer gence for
15d; S, - prolonged drought/stress=(S_+ S)) for 30d.

d.a.v. BBCH
©w % S S
0 15
17 16
start of Sz and S 18

22 16 16 16
26 18 16 16
28 50 16 16
31 51 17 16
end of &, start of S 33
35 5 17 16 55
38 63 52 15 62
42 67 56 15 65
45 67 60 15 65
endof Scand S 48
50 72 66 17 68
53 74 66 50 70
56 78 70 51 70
66 77 73 54 70
73 76 72 61 72

82 84 68 72
102 88 86 75 83
112 87 78 87

Threediscs of 6 mm diameter were cut out of the
|eaf for measurementsof osmoldity, relativewater con-
tent (RWC) and dry matter using alaboratory cork
borer. Immediately theresfter, theleaveswereremoved
from the plants and conserved at —80°C for enzyme
analyses. Measurements of plant physiologic param-
eterswerelogged uptothe71%d.av..

The biomass was determined as follows: Fresh
meatter of plant shoots and separated podswasweighed
immediately after removal, and after drying at 50°C for
48 hoursfor dry matter determination.

Chlorophyll fluorescence, photosynthesisand tran-
Spiration
A portable chlorophyll fluorometer PAM 2100

(Walz, Effeltrich, Germany) was used to measurethe
maximum efficiency of photosystem 1115, The Genty-
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parameter Fv/Fm comesfrom the equation
Fv/Fm=(Fm-Fo)/Fm,

(Fo isthe fluorescence in the absence of actinic
(photosynthetic) light, and Fmisthemaximum fluores-
cencefollowingahighly intensive, short flash of light).
Thechlorophyll fluorescencewasdetermined duringthe
dark phaseof thediurna cycleunder greenlightinside
thegrowth chamber. For thispurpose, consecutive mea:
surementswere conducted at 4 different sites of the
leaf. Two hoursafter theend of thedark phase, the net
photosynthesi sand transpiration rateswere measured
onthethird leaf from top of the plant usingthe HCM
1000 (Walz, Effdtrich). Temperature and PPFD were
kept constant at 20°C and 400 umol m2 s?, respec-
tivey.

Osmolality

The osmolality was measured with 10 puL of su-
pernatant and a vapor pressure osmometer (Vapro
5520, Wescor, Inc., USA; described by!*4). Mea-
surementswere performedin triplereplicates. The
resultswere expressed in mmol of all solutes present
inonekg of water inthe plant sap. Thevaueshaveto
be corrected by meansof amultiplicationwiththerda
tivewater content (RWC), further referred to as cor-
rected osmol ality.

Relativewater content (RWC)

RWC of lesf tissuewasca culated accordingto Barr
and Weetherley!® inleaf discs (described by Miiller et
al.),

Invertaseactivity analysis

The homogenization of plant material andtheen-
zyme activity analyseswere carried out as described
by,

Satistics

All calculationswere performed with the adequate
andytic moduleof the Stetisticasoftware (StatSoft, Inc.,
Tulsa, OK/USA, verson 7.1, http:/mww.statsoft.com).
Differencesin the means of the fresh and dry matter
biomassweretested for Satistical Sgnificanceby using
thet-test Scheffé. Data from the different variables and
timeswere subjected toamultifactorial ANOVA, and
sgnificancesweretested post hoc usingthe Fisher-L SD-
test (P <0.05). Interactionsand correl ations between
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biochemical or physiological dataand dry matter bio-
mass were ascertained by means of Spearman rank
corrdation coefficient anayss.

RESULTS

Periods of no watering applied during variouson-
togenetic stagesinduced similar plant reactions. Os-
motic pressureinleaveswass gnificantly increased, but
corrected osmoldity wasnot significantly different from
control up to the 45" day after vernalisation (d.a.v.)
(Figurel).
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Figurel: Corrected osmolality influenced by dr ought stress

(S, =early stress, S, = prolonged stress, S, = inflorescence

gress), mean wascalculated whereno sgnificant differences

between variantswer edetected (letter smark significant dif-

ferencesbetween means).

Increased osmotic pressure was caused only by
water |oss, not by an extraproduction of osmotic sub-
stances. In all variants corrected osmolality wasin-
creased significantly till 29" d.a.v. wherecontrol plants
reached BBCH 50, but stress plantsonly BBCH 16
(Figure 2). Decreased corrected osmolality at 31% and
35" d.av. followed by an increase up to 42"/ 45"
d.av. wasdetectedinal plantswithout significant dif-
ferencesbetween variants. At the 42/ 45" d.a.v., con-
trol plantswereintransition from flower tofruit deve -
opment; in contrast plantsunder prolonged stress ap-
plication remained in vegetative stage (BBCH 17).

Onthe49" d.av. corrected osmolality of control
plantsdiffered significantly from all stressvariants. At
thispoint control plantswerein the stageof further fruit
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Figure?2: Plant development (BBCH-code) influenced by
drought stress(S_=early stress, S, = prolonged stress, S, =
inflorescence stress).

development (BBCH 72) whilestressvariantswereon-
togeneticaly delayed: S_at BBCH 66, S at BBCH 68
and S, at BBCH 17. On the 53" d.a.v. corrected os-
molality of dl variantsmatched. Inthe control variant,
40% of podshavereached find size. Followingthe53
d.av, corrected osmoldity significantly increased to dif-
ferentlevesindl stressplants.

Invertase activitieswerenot significantly different
to control up to the 31% d.a.v. and showed the same
dynamicsas corrected osmolality, with apronounced
peak at 29" d.a.v. followed by a decrease up to 31
d.av. (Figure3). Cytosolic and vacuolicinvertase ac-
tivitiesof control and stressed plants matched at 45"
d.av., extracdlular invertaseactivitiesat 49" d.av. (Fig-
ured).

Between these pointsin time, which wereindepen-
dent of stressimpact and ontogenetic stage, stressand
recovery reactionswereobserved. Corrected osmola-
lity showed no specific stressreaction of plants. Fol-
lowing theend of stressimpacts(S_=33"day, S,and
S =48"day) al stressvariants had asignificantly en-
hanced level of corrected osmolality on the 49" and
57" d.av..

Cytosolic and vacuolicinvertase activitieswere
nearly equal and showed stress specific reactions. Pro-
longed stressresulted inan activity smilar to that found
in control plants between 35" and 45" d.a.v.. After
stressimpact (48" d.a.v.), activity reeched a4fold higher
level than control onthe53 d.av.. Furthermore, plants
rapidly grew flower buds(BBCH 50 onthe53“d.av.).
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Figure3: Cytosolicinvertaseactivity influenced by dr ought
stress(S, =early stress, S, =prolonged stress, S =inflores-
cence stress), mean was calculated wher eno significant dif-
ferencesbetween variantswasdetected, significant differ-
encesaremarked by letters.
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Figure 4 : Extracellulare invertase activity influenced by
drought stress(S_ =early stress, S, =prolonged stress, S =
inflor escence str ess), mean was cal culated wher eno signifi-
cant differencesbetween variantswer edetected, significant
differencesaremarked by letters.

Thereaction of S plantswassimilar, thisstressimpact
aso ended onthe 48" d.a.v. but plantsal ready reached
pod devel opment stage (BBCH 70).

Compensation of early stresswas detected directly
after stressimpact (33 d.a.v.) and reached a 3fold
level asopposed to control on the 38" d.a.v.. At this
point plantswerebudding (BBCH 52).

Bothinvertases showed compensationdongatime
scheme: the potential of compensation could be ob-
served between 319 d.av. and 45" d.a.v, and after the

45" d.av..

Stressimposed a inflorescenceemergence(S; start
at 339 d.av.) led to adirect stressresponse: activity
did not declinefor thefollowing seven daysasinthe
control.

The samereaction could be observedin the activ-
ity of theextracd lular invertase.

A comparable compensation reaction of al three
inverstaseswas observed inthetheearly stressvariant
even though stressimpact dready ended on 339 d.a.v..

Intheprolonged stressvariant, activity of cytosolic
and vacuolicinvertasetendedtofollow theactivity level
inthecontrol until 64" d.a.v.. Theactivity of theextra-
cdlular invertasewasl ower in comparisonwith theother
twoinvertasesupto 45" d.av., whereactivity increased
rapidly, matchingtheleve of control plantsat 49" d.av..
At thispoint the control wasinthe stage of fruit devel -
opment whilethe prolonged stressvariant wasstill in
inflorescence emergence.

Stressimpact and compensation was observed by
potential photosynthetic activity (Figure5).
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Figure5: Potential photosynthetic activity (maximum effi-
ciency of photosystem I1) influenced by drought stress(S, =
early stress, S, = prolonged stress, S =inflorescencestress),
significant differencesto control aremarked by asterisk.

Significant depression of activity during dry period
wasfollowed by asignificant activity increase 5 days
after the stressimpact ended. Although stressimpact
enduredtill the48"d.a.v. inthe prolonged stressvari-
ant, potentia photosynthetic activity increased to con-
trol level between 421 and 45" d.a.v.. Decreased ac-
tivity levelsat 71" d.a.v. corresponded to the del ay of
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ontogenetic development: control had thelowest activ-
ity (BBCH 76), followed by S_and S (BBCH 72) and
S, (BBCH 61). Leaf senescencein control plantsiniti-
ated on the 53" d.a.v., whereas the stress variants
showed specific delayed |eaf senescence, dependent
ontiming and duration of stressimpact.

Inall plants, corrected osmolality wassimilar be-
tween the 17" and the 45" d.a.v., and, peaked on the
29"d.a.v.. Activities of cytosolic, vacuolic and extra-
cdlular invertasssweresimilar fromthe17"to 318 d.av.
with peakson the 29" and 45" d.a.v. with exception of
theextracd lular invertase activity which did not have
the second peak onthe 45" d.a.v. but onthe49"d.a.v..

Net photosynthesisand transpiration reflected the
present stressstatus by decreasing under stressimpact
withintwo daysand increasing after stresswithinthree
days (datanot shown).

Biomass

Thedynamicsof plant devel opment can bereflected
by biomass analysis. Hereit could be observed that
biomassin stressvariantsdiffered from control. In par-
ticular, S,and S stressvariantsshowed adepressionin
biomass (Figure6). In early stressed plantsafast in-
crease of biomasswas detected in therecovery phase,
resultingin biomasssmilar to control. Pod massof con-
trol plantswas 14 g (dry weight) per plant at harvest
time (BBCH 89-90). In S.-plants, however, pod bio-
mass was decreased compared to control plants. In-
florescence stresshad the highest impact on shoot bio-
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mass. However, pod biomasswas yet similar to con-
trol. Inthiscontext achangein architectureof inflores-
cenceof the S_-variant could be observed: Develop-
ment of main inflorescence wasinhibited by drought
stress, moreover, compensati on during recovery was
related to anintensfied devel opment of lateral inflores-
cence.

Mean pod dry mass of thefour variantswas highly
correlated with themean activity of extrace lular inver-
tase (R=0.99), net photosynthese (R=0.93) and mod-
erately correlated with vacuolic invertase activity
(R=0.80). Transpiration (R=0.87), RWC (R=0.87), and
osmoldity (R=-0.97) werecorrel ated to shoot dry mass.

DISCUSSION

Impact of drought oninvertaseactivities, induced
osmolytesand seed biomass deve opment under drought
stressand itsrecovery in various ontogenetic stages
wasanalyzedin oilseed rape.

Net photosynthesis, potential photosynthetic ac-
tivity and transpiration showed amore or lessimme-
diatereactionto applied drought stressfollowed by a
compensation reaction shortly after the end of stress
impact. Corrected osmolality and the activities of ex-
tracellular, vacuolic and cytosolic invertases were
found to be stress-independent at certain fixed time
points.

Chlorophyll fluorescence and net photosynthesis
reach the highest degree of depression during inflo-
rescence stress. The more sensitive reaction of net
photosynthesis seemsto be based on afast regulation
of stomataat early stress or recovery phases. Light-
saturated stomatal conductance generalizesthere-
sponses of many photosynthetic parameters to
drought!*. Bota et al.!*® found decreased Rubisco
activity and asubstantia decline of RuBP availability
correlating with acompl ete dropdown of photosyn-
thesis only during severe drought. Photosynthesis
dropdown wasalso observed in al three stressvari-
antsin the present study. The strength of stressdid
not induce awater deficit compensatory production
of osmolytic substances as one could expect. Thein-
crease of osmotic pressure through stresswas an ef-
fect of water lossonly; the corrected osmolaity was
similar tothe control. Application of aprolonged pe-
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riod of stressreduces osmolytic substances, seenasa
reduction of corrected osmolality. Inthisstressvari-
ant, only after being exposed to afurther 6 day stress
elongation, wefound aproduction of osmolytesupto
twicethelevel foundin control plants (450 mmol kg,
data not shown). This active mechanism occurred
between the 45" and 53 d.a.v., shortly before plants
died onthe54" d.a.v.. Thisisin accordanceto simu-
|ated effectsof prolonged drought on photosynthesis,
non-structural carbon compounds and respirationf*,
InMcDowell’s simulation the pool of non-structural
carbohydrates is constant for the first 20 days of
drought impact. Therefore, assuming that soluble car-
bohydrates mainly function asosmolytes, thisfinding
isin concordancewith our results, where the corrected
osmolality equalsthe control. The simulation cited
above showsan increasein soluble carbohydratesfor
thefollowing 10 days, which can a so be seen by means
of corrected osmolality in our study. Thisrapid pro-
duction of osmolytes however does not prevent the
plant from reaching acritical tipping point in mortality.
Thiscan beexplained by astrong effect on carbohy-
dratetransport, utilization and mobilization*®. There-
fore, plants starveto death rather than dying of water
deficit. Analysisof further parametersreveadled an ad-
ditional time effect, which wasfound to be indepen-
dent from ontogenetic stage, stressimpact or recov-
ery. Thesepointsintime, 29", 319, 42", 45" and 53"
d.a.v., werefound through the parameters corrected
osmolality, and invertase activities. At thesepointsin
time, the control plantsreached thefollowing ontoge-
netic stages: on 29", 31 d.a.v. inflorescence emer-
gence (BBCH 50-51), on 42"/45" d.a.v. flowering
declining (BBCH 67), on 49" d.a.v. development of
fruit (BBCH 70) and on 53" d.a.v. 40% of podshave
reached find size(BBCH 74). Therefore, these points
intimeall mark transitions between two main stages
of plant growth with exception of the53“d.a.v., which
marksthe end of thefirst half infruit development.
Genetic analysisshowsacorréation of distinct quan-
titativetrait loci (QTL) to bolting (BBCH3), budding
(BBCH 5) und flowering time (BBCH 6) in Brassicd®
22 \We assumethat it is these genetic regul ations of
budding and flowering, which areindependent from
delayed plant devel opment caused by theimpact of
drying stress, that are detected by above parameters.

BIOCHEMISTRY (mm—

No hint wasfound for bolting, which could beafast
process not detectablein our 2-3 measurement day
interval. Bolting could also belinked to flowering in-
sofar asflowering can only occur if bolting precedes?.

Dodd et al.[>® and Robertson et al.’?? demon-
strated that alarge proportion of transcriptsinvolved
in hormonal metabolism, catabolism, and signaling
areregulated by acircadian clock. Such aclock seems
to exist also for ontogenetic devel opment. Because
of astrong vernalisation all control plantsflowered
nearly s multaneoudly in our study. Thereforethe on-
togenetic clocking of individual plantswas synchro-
nized at certain days after vernalisation, evenif de-
layed ontogenesistook placein the stressvariants.
These ontogenetic time points are characterized by
defined values of corrected osmolality and invertase
activities. Onthelevel of the circadian clock, inter-
actions between circadian clock, metabolisms and
stressreactions, e.g. the pronounced formation of
axialliary buds, have been multiply described?>271,
However, wefound a pronounced formation of axil-
lary flower buds only under stress condition of dry
period started in theinflorescence stage. Asreviewed
by Imaizumi(?® in arabidopsis, mobile signalsand
flowering signals are transported from leaves to
stem(?®- 30, Dry periods can inhibit such transport,
and can change the distribution of mobilesignals
within shoot meristems?,

Inflorescence stress seems to be overcompen-
sated. Reduction of shoot biomass by 25% in con-
junctionwith asustained pod massillustratesthe com-
pensating power of upregulated invertases, i.e. theup
regulation of extracellular invertase during and after
stressto about twice the amount asin control inthe
timeframe between thefixed time points 31% and 49"
d.a.v.. However the compensatory invertase activity
does not exceed the maximum level of regular inver-
taseactivity measured inthe control a 29" d.av.. Thus,
compensation seems to be permuted through pro-
longed high activitiy. Cumulative or averaged extra-
cellular invertaseactivity ishighly correlated to pod
dry massinall variants, asfound alsoin the variety
“Baldur”™, Activitiesfrom single pointsintimedo
not correl ateto biomass parameters, asal so described
by Sulpiceet al .Y,

Early stressimpact on plantsof thevariety “Titan”
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iscompensated in regard of shoot biomassby flower-
ing 7 dayslater and aprolonged fruit development by 7
days, yet stressisnot sufficiently compensated regard-
ing pod biomass|oss (-30%). Aswementionedinan
earlier gudy usngtheoilseed rapevariety “Baldur” under
early stress, amoreflexibledate of mean flowering,
likeinthe“Titan” cultivar, would compensate stress
impact on dry weight of shoots (-20%) also in the
“Baldur” variety. The more relevant compensation of
pod biomass| oss, which was 30% dry weight of pods
in both varieties, seemsto berelated to the activity of
extracd lular invertase, whichisdownregul ated after the
45" d.a.v., even though acompensation by up regula-
tionof al threeinvertase activitiesbeforethispointin
timeoccurs, abeit theaverage activity of the extracel -
lular invertase over the course of ontogeny islower than
in control. Under prolonged stress, the absence of a
compensation reaction and lower activity thanin con-
trol led to abiomass|ossin pods of 50% dry matter
eventhough dynamicsin activity weresimilar to con-
trol, yet onalower levd.

The present study demonstratesthat an ontogenetic
timetableinducesreactionsof corrected osmoldity and
invertaseactivities. Thislimitscompensation of delayed
development to ontogenetic fixed timewindows, de-
spite existing regulatory mechanismswhich couldin
theory be used by plantsto fully compensatethe stress
impact. Further research may bring forthmoredetailed
knowledge ontheimportance of ontogenetictimingin
termsof reproductionandyield.
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