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Executive summary

|- During drought the avoirdance mechanisms leading to reduced water loss 1 cassava
ire associated with heliotropism and drooping
I Pendant la secheresse les mecanismes d'evitement de perte d eau cher la manioc

sont associes a helio tropusme et a la posture tombante des fewlles

2- Under water deficiency, young leaves achieve a reasonable rate of photosynthesis
which 18 likely to be of pnimary 1mportance m acclimation to drought since old leaves are
almost totally photosynthetically nactive

2 Pendant un deficit hydrigue les jeunes feurlles presentent une activite
photosynthetique carrecte ce qui semble étre de premiere importance pour la plante lors de
son acchmatanon g la secheresse alors que les wvietlles fewilles sont presque photo

synthenguement mactives

3- Higher levels of carbohydrates, free amino acids and organic acids found m leaves of
water starved plants contribute to a decrease tn the osmotic potential of the tissues in order to
protect cellular structure

3 Les plus fories teneurs en carbohydrates en acides arunes libres et en acides
organiques rencontrees dans les feuwlles de plante en deficit hydrigue contribuent a

{ abaissement du potentiel vsmotigue des nissus afin de proteger les structures cellulaires

4- Water stress of cassava plants has a positive effect on the development and
reproduction of P jherrert Drought-stressed plants are physiologically more suitabie for
mealybugs because plant nutrients are more concentrated and better balanced

4 Le stress hydrigue chez le mantoc a un effet posmf sur le developpemenr et la
reproduction de P herrera Les planies stressees sont physiologiguement plus convenables

aux cochenitles parce que les nutriments y sont plus concentres et mieux equilibres

5- Water stress of cassava plants has a negative influence on the success of patasitism
regardless of the parasiod species used in biological control of P herrent and on the size of
progeny depending on the parasttoid species

5 Le stress hydrique ckez le mantoc a un effet negatif sur le succes de parasuisme
independamment de [ espece de parasitordes unilisee en lutte biologigue contre P herrem et

sur la walle des descendants selon l espece de parasitorde
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6- Recommendatton In drought-stricken areas the use of A coccors as biological agent
to control P herrent population 1s recommended The culture of drought tolerant cassava
genotypes should not influence the iological control

6 Recommandation Dans les zones de secheresse, [ utilisation de A coccols comme
agent de lutte biologique pour contrbler la population de P herrent est recommandee La

culture de genotypes de mamoc tolerants a la secheresse ne devrait pas influencer le contrile
brologigue



¥

1)

3]

General Introduction

The purpose of thus report s to menttoned the main results obtained in the collaborative
IRD-CIAT project entitled mfiuence of drought in the relattonships between the cassava
mealybug and 1ts host plant

In South Amernca (especially in Northeast Brazil), the cassava mealybug Phenacoccus
herren: Cox & Willlams {Hemuptera Pseudococcidag) 18 an umportant pest of cassava
Manihot esculenta Crantz (Euphorblaceae) particularly during drought peniods when the
msect population incredases (Beilott ef @/ 1983 Noronha, 1990) To control this mealybug,
three encyrtid parasitowds Apoanagyrus (Epidinocarsis) diversicornis Howard Aenasius
vexans Kermich and Acerophagus ceccorts Smith (Hymenoptera Encyrtidae) are being studied
at the International Centre for Tropieal Agriculture (CIAT) Cali Colombia  They were
released m semi-arid areas of the Brazilian states Bahia and Pernambuce m 1994 and 1995
(Smith & Bellott 1996 Bertschy, 1998)  Despite the presence of cassava mealybug
parasitolds increases 1n pest populations on cassava are often reported during long dry
seasons (A C Bellotn and W M G Fukuda, personal observations) These increases could be
due to biochermical changes 1 the cassava leaves mduced by water deficiency resultngin a
positive effect on pest development and a negative effect on parasitond development and/or
their searching behaviour

Therefore our project was focused on the importance of drought tolerance mechanisims
and the changes they mught trigger in plant physiology or biochemistiy and what changes thus
might trigger in mealybug development and in the success of parasitism of thiee parasitoids
and thewr development
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Part I
Photosynthesis in drought-adapted cassava

Intreduction

Because of the essential role of water in plant metabolismm plant growth 15 often
praportional to water availability A prolonged penod of severe drought may result 1n ussue
dehvdration and death However, even in the absence of severe water shortage frequent
variation in both environmental water availlability and water requirements cause regular and
transitory water shortage in plants Those species well-suited to very dry habitats develop
special and very effective strategies (short seasonal eycles, CAM metabolism or dehydraton
tolerance) (Chapin 1993} Most plants react to water deficiency by a range of physiological
and morphological adaptations Short and medium-term acchmation 18 primarily based on
physiological responses leading to reduced water loss {stomatal closure) and utilisation
{depressed cell expansion) Long-term acclimation nvolves anatonucal modifications to
reduce transpiration and maintam water acquisition (mainiy the reduction of the evaporative
surface and ncreased root development) (Davies and Zhang, 1991 Delaunay and Verma
1993}

A lower rate of net CO2 assimilation i plants suffering from water stress has been
often reported {Kaiser, 1987) Both stomatal and non-stomatal factors are thought to
contribute to the effects of drought on CO7 asstmilation Recently published results tend to
indicate that stomatal closure 13 the mamn factor since the photosynthetic apparatus is largely
unaffected by water hmitation m whole plants or by direct desiccation in excised leaves
{Corntc et al 1992, Tourneux and Peitier, 1995) Stomatai behaviour 1s crucial because
chianges in stornatal aperture affect water loss proporuionally more than COZ fixation hence
improving water use efficiency (WUE) (Martin and Ruiz-Torres, 1992, Gimenez et al
1992)

Cassava Manihot esculenta which must endure several months of natural drought
during its seasonal cycle 1s tolerant to long pertods of water shortage The plant resists
drought by reducing 1ts leaf canopy and closing s stomata This is combined with a strong
heliotropic response whereby the plant orients 1ts leaves n such a way thit they seek
maximurny hight intercepnion when the vapour pressure deficit (VPD) 1s small and solar
radiauon 15 low However they intercept less hight at midday when the VPD and sclar
radiation are hugh This behaviour 1s observed in mature leaves of well-watered plants but 15
much more pronounced in plants sufferimg from shortage of water (Cock ef @ 1985 Yao et
al 1988, Cl-Sharkawwy et al  1992a 1992b El-Sharhawy 1993)
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Chla fluotescence analysis can be used to monitor changes in the functioning and the
regulation of the photosynthetic apparatus The yield of Chla fluoiescence s determined by
two distinet gquenching processes the photochemical quenching (gP) and the
nonphotochemical quenching (QNP) The gP ss due to the operation of the photosynthetic
electron transport The gNP arises from nonradiative dissipative processes which function in
the regulation of the photosystem II {PSI[) photoechemistry These processes compete
effectively with the excitation energy transfes processes in PSIT leading to 1educed quantum
yield but allowing PSII to remain relatvely oxydized when the transport of electrons s low
(Bradbury and Baker 1981 Schreiber et af 1986 Horton and Hague 1988, Foyer et af
1990 Genty er al , 1990) Effectively, gINP has been shown to dissipate the excess of energy
in leaves experiencing various siresses, but the mechantsm s not general and differs among
species, and according to the type of stress and the adaptation of the plant (Genty er of 1987
Khamis et al 1950 Ogren 1990, Baker 1991, Scheuermann ez ol , 1991 Jeffenies 1994)

In the present study the effect of water stress on photosynthesis i leaves of drought-
adapted cassava plants was examuned Since the heliotropic response and drooping prevents
the leaves of water-deficient cassava from bemng exposed to high rradiance, one may assume
that the photosynthetic apparatus 1 such leaves 15 not adapted to strong light intensity
Another objective of the study was therefore to examuine the susceptibility of PSI to high

hight through s activity estimated i vive from Chla fluorescence measuremenis

Results

Shoot development was markedly affected by 45 days of water deficiency (Table 1)
The stems stopped growing from the onset of the period of water lunitauon The number of
leaves per plant decreased because of a dramatic acceleration of leaf senescence and fall and
a substantial decrease 1n leaf emergence [n addition the area of the leaves that emerged and
expanded during the drought pericd was about half that of the control All these
modifications led to a strongly reduced leaf canopy and correspond to an adaptive reaction of
cassava to alleviate water stress These data obtained 1n a glasshouse are in agreement with
previous findings 1n field expeniments {(Cock et al , 1985 Yao et al , 1988 El-Sharkawy et
al 1992a El-Sharkawy 1993 and our own observations 1n the Congo ORSTOM Centre
Biizzaville during the dry season) This demonstrates that our expenmental conditions
rmimic field conditions well

The exposuie of plants to water stress did not result 1 a significant decrease 1in water
potential i etther young or old leaves measured before dawn and at middy This was
observed using a hydraulic press {Table 2) or by the pressure bomb techmique (Scholinder er
al 1965 dat not shown) Water hmitation shightly decreased WC and RWC 11 voung leaves



Table 1 Shoot characteristics of 4-month-old cassava plants grown with high or low water availability for 45 days The total
number of fallen and emerged leaves per plant the aree of mature leaves expanded during the reatment and the height of plant
stems were determined At the beginning of the expeniment, plant height was ca 95 cm with 19 feaves Data are means + SE

Treatment Fallen leaves  Emerged leaves  Area of mature  Height of stem
leaves
cm? cm
Control 60U 12x09 1291276 141£272
Swress 13209 5204 66 £ 80 97+22

Table 2 Leaf water status measured before dawn and at midday m young and old leaves of control or water-stressed cassava plants
Data are means + SE WC water content (g/g dry weight), RWC relatve water content and WL leaf water potentsal (bars)

WwC RW(C W,
Control plants Pre-dawn Mhd-day Pre-dawn Mid-day Pre-dawn Mid day
Young leaves 53x03 42101 091002 0912003 06007 094010
Mature leaves 3601 35+02 094 +0 0l 088 +004 324013 -3 34034
wWC RWC WL
Stressed plants Pre-dawn Mid-day Pre-dawn Mul-day Pre-dawn Mid-day
Young e ives 39402 37401 087+ 00I 0861001 092016 072010
Mature leaves 38+04 35403 095+0003 090+ 001 -312020 2312015
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whereas no differcnce 1 these parameters was observed n old leves {Table 2} This
probably was due to the fact that the stomata of young leaves of water deficient plants were
partialiy epen thus allowing net CO72 assimilation but also water loss (see below)

Figure 1 illustrates the response of photosynthesis (oxygen evolution) to photon flux
density for leal discs with a saturating CO7 level In control and water stressed plants the
young leaves exiubited a higher maximum rate of CO7 assimilation than old leaves Water
stress reduced photosynthesis m young leaves at a igh PPFD the rate at 1000 umol quanta
m-2 s-1 bemng only 73% of that of the control however there were large variations within
leaves of the same water treaiment The photosynthetic capacity of old leaves was very low
and sumlar in control or stressed plants

Stomatal conductance ncreased until ridday 1 young leaves of contro! plants {Figure
23 Tt was always sigmficantly tugher than in old leaves, whose conductance reached a
relatively constant valug after 3 h during the hght peried Stomatal conductance was very low
under water mutation rrespective of leaf age A small, transutory increase was nevertheless
detectable 1n young leaves at the beginmng of the moining

In leaves of control plants under low light intensity (PFD intercepted respecting the
natural orientation of the leaves) the net photosynthesis (Pn} was almost 5 tmes higher in
young leaves than 1n old leaves (Table 3) Under water deficit Pn decreased by 66% o young
feaves and by more than 90% m old leaves Thus Pn was greater n the young leaves of
plants under stress than in old leaves of plants with no stress Pn was greater (about two-fold)
in both types of leaves of control plants at hugh (1000 pmol m-2 s-1) than at low rradiance
in contrast Pn were hardly detectable at high rradiance 1o stressed plants irrespective of leaf
age Shortage of water had only a weak depressive effect—if any—on leaf chlorophyll
content but 1t markedly mcreased in vitre phosphoglycolate phosphatase activity which was
extremely low 1n control leaves (Table 3)

The relative contributions of photochemical {(qP) and non-photochemical (qNF)
quenching m determining $PSII durmg the mduction of photosynthesss 1 attached leaves are
shown 1 Figure 3 In young leaves at low wrradiance the steady-state values of P and gNP
at the end of the mduction peniod were fairly similar in stressed and contro! plants and hence
the values of the quantum yeld of electren transport, ¢PSI1 were comparable Upon
transition from low to high iradiance gNP was higher in steady state i both types of plants
The ncrease i gNP was not modified by drought Values of P decreased with mcreased
aradiance This s the normal response of qP to increasing irradiance However 1n control
plants the change 1n hight caused a substantial and rapid but transient fail in gP which

subsequently pattially recovered The decrease was greater n stressed plants and qP did not
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Figure 1 Effect of water linutation on hight saturation curves of O2 evolulion m young and old leaves of
cassava plants O2 evolution was estunated at saturating COZ2 on leaf-discs Data are means = SE
Symbols conttol o young lcawves 9, old leaves

stressed  * young leaves ¢ old leaves
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Figure 2 Changes 1n stomatal conductance of lower leaf surface of
yvoung and old leaves of control {A) and water stressed (B) cassava
plants from pre-dawn until md-day Data are means = SE

Symbolg control o young leaves, ¢ old leaves
stressed @, young leaves, ¢ old leaves



Table 3 Photosynthesis in normal air chlorophylt contents and 1 vire phosphogiycolate phosphatase activities of leaves of cassava
plants grown under sufficient or himited water avarlability Net photosynthesis was determuned 4-5 b afes dawn at low and high wrradiance

{PFD of ca 300 umel m 2s L and 1000 umol m ?s ! respectively) Measurements were made 1n young and mature Jeaves Data are means
SE

Net photosynthesis Chlorophyll Phosphoglycolate
{(umol CO; m 25 1) (mgm %) phosphatase
{amo! (mg Chl} ! mun b
Irradiance 300 umol m 2 ! 1000 wmol m 25
Control Stress Control Stress Control Stress Control Stress
Young leaves 122245 40409 239405 01006 6761+ 123 617 £ 44 tr® 337+ 146
Mature leaves 26206 022009 401401 nd* 467 £ 82 454+ 114 trEE 218+ 25

*nd non detectable tr** traces of acuwity
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Figure 3 Elfect of water deficiency on Chia fluorescence at room temperature The chemical guenching coefficient {gP} the non-chenmucal
quenching coefficient (qNP) and the quantum efficiency of PSII photochemistry (9PSI) were observed durning the mduction phise of
photosynthesis i low mmadimee (220 wmol m-2 s-1) with 1 subsequent transihion to hugh (1000 tmol m-2 s-1) srradiance The experiments
were carried out with attached young (0 ®) or old (¢,4) leaves of stiessed (dark symbols) or control (open symbols) cassava plants Arrows
indicate the pomt of transiion m rradiance Data are means £ SE
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recover On the contrary it continued to fall and reached very low values Accordingly at
high wradiance in young leaves §PSII was severely affected as a result of water stress

Chia fluorescence analysis revealed substantial differences between old and young
leaves The steady state values reached by qP and ¢PSIl in the control plants at low wradiance
were lower tn old leaves than in young leaves Water deficiency depressed these parameters
further in oid leaves At hugh wrradiance in old leaves P and ¢PSII were very low m both

contral and stressed plants

Discussion

Both the photosynthetic capacity at saturated CO; (Figure 1) and Pn in normal air found
in old leaves (Table 3) are unusual since data obtamed by other studies on cassava grown out-
door 1n pots or 1n the freld showed that sinular age of leaves indeed have highest rates of
photosynthetic capacuty at saturated CO; and Pn (El-Sharkawy pers com ) These low rates
in our experiments could be due to the shade effect 1n the glasshouse where the plants were
grown In fact our study was made under a solar uradiance infertor to 500 pmol m-2 g1
wich was quite low compared to the expenimental conditions used by El-Sharkawy er al
(1992b) with a solar irradiance of 1200 to 2000 umol m= s~} However it 1s well known
cassava that old leaves displayed lower rates of these parameters than young leaves (El-
Sharkawy pers com , De Tafur er gl , 1997}

The old leaves of plants grown with sufficient water supply appeared to have a weak
capacity for the utilization of absorbed light Indeed, the response of old leaves to increasing
irradiance 10 an atmosphere saturated in CO7 clearly shows that the photosynthetic apparatus
of these leaves was not effective At low light mtensity 1n air, thewr photosynthetic activity
was low and fluorescence analysis revealed mneffective PSII photochemustry with relatively
tow gP and ¢PSII values Under high irradiance, CO2 assumulation by old leaves was
increased and they displayed very low gP and ¢PSII values The low gP values were
probably due to msufficient photosynthetic electron utitlisation and energy dissipation (Krall
and Edwards, 1992) This means that the primary electron acceptor of PSIL, QA, was strongly
reduced 1n old leaves under strong hight

In contrast with old leaves, young leaves of control plants exhibited high levels of
photosynthetic activities under both saturating CO2 and in air These leaves also displayed
fluorescence parameters usually observed with healthy leaves both under low and high PPFD
Indeed following a transition from low to high wradance, they displayed normal behaviour
with enhanced Pn and gNP values allowing gP to remain relatively high and preventing
excessive accumulation of hight-generated reductant Nevertheless the rate 1n photosynthesis

i combination with the leaf area determned carbon uptake Owing 1o the respecuve



pioportions of the two types of leaves (old and young) overall phetosynthesis m well-
watered plants was mamly accounted for by CO2 assimlation in old leaves

Cassava plants adapt to water shortage by a rapid large decrease in thetr evaporative
surface They also react by partially closing thetr stomata, and hence mcreasing WUE {Cock
er al 1985 Chaves and Pereira 1992 El-Sharkawy er al, 1992a El-Sharkawy 1993)
These stress avowdance mechanisms are not spectal in themselves but they are marked and
extremely effective in thus species Indeed the water status of the remaining leaves (young
and old) was httle affected after 45-d water deficit Such remarkable stable leaf water
potential 1n cassava undergoing changes 1n water environment has already been described
(Cock er @l 1985 EIl-Sharkawy 1993 , De Tafur er a/ 1997) However some CO72 uptake
was maintained only 1n the young leaves under low hght mntensity whereas Pn in old leaves
was almost nii This probably resulted from stomatal factors (see Figure 2) since the
photosynthetic capacity of the old leaves (CO2 saturated photosynthesis) was not greatly
affected by water shortage Thus, in water-deprived plants both the acceleration of the
sheddimg of old ieaves and the pronounced decrease 1n the photosynthetic activity of these
leaves mean that most of the carbon nutntion of the plant as a whole had to be provided by
the young leaves These leaves clearly play a central role 1n the adaptation of cassava to the
stressful environment

It has been suggested that the photosynthetic capacity i1s normally affected only 1n
leaves suffering from severe water stress with a RWC value of less than 70 % (Kaiser 1987
Corntc et af 1989 Havaux 1992) The photosynthetic capacity of young leaves of water-
deficient cassava plants was decreased by 25% despite therr relanvely high RWC
Photoinhibition can affect the rate of hight saturated photosynthesis {(Long ef al 1994} A
decrease 1 the ratto of the vanable to the maximal fluorescence (Fv/Fm 1¢ (Fm -Fo )YFm}
ts regarded as showing that the leaf his been photoinhibited (Bjorkman and Powies 1984
Long et g/ 1994) Our measurements of the Fv'/Fm ratio showed that photomhibition could
not mawly account for the decreased capacity of these leaves as compared to the control
{Fv/Fm was about 0 5 for both types of plants) The decreased photosynthetic capacity of
young leaves may have resulted from a reduction m the Calvin cycle capacity as has been
reported n some spectes under water stress (Ogren, 1988  Martin and Ruz-Torres 1992
Gimenez et al  1992) However 1 spite of this decrease the capabyiity of the photosynthetic
machinery remained largely i excess of that required to support the observed photosynthetic
rates (Figure | and Table 3) and the decrease in Pn observed in young leaves following water
shortage resulted mamly from their very low stomatal conductance to CO2 (Figure 2)

Young lcaves displayed consistent but reduced Pn under water stress and low light No

stigmbicant difference between stress and non-stress conditions was detected 1n the Chig
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fluoiescence patameters (Figure 3} That the reduction in Pn did not notably influence qP and
GPSII may result from an mcrease m the rate of reactions (other than those of the Calvin
cycle) which consume photosynthetically generated electrons Phatorespiration and the
reassrmilation of the resultant CO7 13 assumed to drain off electrons, although 16 18 not always
the main process for avoiding over-reduction of the electron transport cham {Genty er af ,
1987 Havaux 1992 Biehler and Fock, 1996) Interestingly n cassava leaves, indirect
evidence of a possible increase in rate of photorespiration during drought stress was denved
from m vitro measurements of the activity of phosphoglycolate phosphatase {Table 3) an
enzyme that 1s invelved m hydrolysis of the phosphoglycolate formed by RuBP oxygenation
which 1niiates the photorespiratory pathway Furthermore, the extremely low values of
phosphoglycoelate phosphatase activity in control leaves are not surpnsimg because it 15 well
known that cassava leaves have low photorespiration under well watening conditions (El-
Sharkawy and Cock 1990, El-Sharkawy ef al  1992b)

Under high irradiance and water himiutation the photosynthetic activity of young leaves
was dramatically inhibited (Table 3) and PSII activity was markedly affected (Figure 3) This
ts shown by the very low vahues of qP and ¢PSII 1t thus appears that young leaves of plants
whose water supply 1s limited are solely adapted to low Light intensity In these leaves 1t
appears that partcipation of energy-dissipating mechanisms such as photorespiration
Mehler type reaction and other could not compensate for the lack of photosyathetic electrons
utthsation by CO2 assimlation under high irradiance and normal air Simulianeously, the
capacity for excitation energy dissipatton 1n PSIT was not sufficiently increased to allow QA
te remain oxidised The maximum value of gNP in €2 plants 1s about 0 8 {Weis and Beryy,
1987) That gNP had aiready reached this value in the control plants might explain why 1t did
not further mcrease with water stress Under high irradiance and normal air ther
photosynthetic activity 1s inhubited and they display a high potenual for over-reduction of
PSII and thus for photomhibition

The drought resistance strategy of cassava 1s complex The avoidance mechanisms
leadhing to reduced water loss are associated with heliotropism and drooping This allows the
leaves to moderate the interception of light when irradiance 15 high (El-Sharhawy and Cock
1984) Under these conditiens, young leaves achieve a reasonable rate of photosynthests
which 15 likely to be of pnimary importance i acchimation to drought since old leaves are
almost totally photosynthetically snactive It appears from the present data thit young leaves
have neither the abihity to use high wradiance for carbon assumidation due to stomatal
hrmitation nor the capacity to dissipate surplus hght energy under water stress Thus the
sttong hehotropic response and drooping of cassava leaves must be seen as a photoprotective
strategy necessary io prevent inhibitron of photosynthesis and light stress
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Part I1
Estimation of carbon and mitrogen modification during water
deficiency mn leaves of manihot esculenta crantz

Introduction

In early work cassava was classified as a C3-C4 intermediate (El-Sharkawy & Cock
1987) Later 1t was demonstrated that the plant displayed C3 photosynthesis (Edwards 7 af
1990} Nevertheless leaves of Manthor species have distinct green bundle sheath cells which
are unusual in C3 leaves and they show particular photosynthesis charactenistics (Angelov et
al 1993) It could be possible that during water deficiency cassava photosynthests change
from C3 o C4

This study 1$ focused on some changes in C and N metabolisms that water limrtation
may Lrigger 1n cassava leaves

Results and discussion

C concentration i dry mater was not affected by the water availability (Table 4) For
both genotypes the d13C values were lugher 1n young leaves as compared to old leaves All
these values were increased under water hmitation It 15 well known that stomatal
conductance nfluences 913C since stomata aperture reduces discrimination agamst 13C
during CO2 fixation Thus, the positive effects of drought on d13C 1n leaves could result from
the lowest conductance of these organs 1n water limuted plants In addition the high a13C
values tn young leaves of drought-adapted cassava plants was associated with a high PEP
Case activity {Table 6) The later enzyme expresses a low 1sotope fractionation Since young
leaves exhibited higher stomatal conductance than old leaves in water himited plants the high
d13C values 1n young leaves could also result from intensive carbon fixauon through PEP
Case actiyity However n control plants d13C was higher in young leaves as comp wed with
old leaves PEP Case activity was not different suggesting some stomatal effect i relation to
the rate of CO2 fixanon by the photoreductive cycle

For both genotypes and leaf ages, the 15N values were lower but the N concentration in
dry mater was slightly higher under low water availability (Table 4) This was associated with
higher free amino acid level i stressed plants (Table 5) Serme glutarmic acid, glutanine and
argimine reached very high Jevels The amino acid composition was also affected showing a
decrease m aspartic acid glutamic acid and alanine propertion and an increise in that of

asparagine and argmine {Figure 4)



Table 4 Natural 1sotope compositions {913C and 915N} and proportions of carbon and nitrogen of
young and old leaves of two cassava varieties (CM 1585-13 and CM 507-37) grown under
suffictent (NS) or imited (S) water avarlability (mean from five leaves)

Variety Treatment  Ageof leaves g13¢C  gI5N  %C Yo N

CM 1585-13 NS Young 282 29 510 54
Old 310 406 510 30

S Young -24 2 18 514 58

Old 265 22 509 42

CM 507-37 NS Young =297 412 510 58
Old =301 40 48 1 35

S Young <24 6 26 49 6 61

Oid -28 1 25 516 46

Table 3 Fiee ammo acid contents (expressed n nmol/mg Chl) of young and old leaves of two
cassava vaneties (CM 1585-13 and CM 507-37) grown under sufficient (NS) or hmited (8) water
avaltability (mean from five leaves)

CM 1585-13 CM 507 37
NS S NS 5

Young Old Young Old Young Old Young Oid
Asp 1028 635 143 6 802 1182 393 124 2 751
Thr 398 214 637 512 402 217 78 5 2609
Ser 98 4 399 2034 94 5 958 338 2633 o0 6
Asn 15 4 nd* 1140 462 || 678 207 3515 1525
Gla 1826 148 8 2827 3157 189 § 13538 2930 25344
Gin 629 143 2260 g3 0 l 97 1 156 2059 729
Pro 53 25 104 i34 40 23 108 113
Gly 172 189 314 769 94 59 336 371
Ala 90 416 96 74 6 912 558 116 3 44 3
Val 108 63 48 4 256 88 672 48 2 17 1
Cys 189 128 340 326 230 88 359 309
Met 08 nd* nd* 24 06 01 30 1 8
He 14 24 83 85 13 15 139 86
Lea 14 10 81 89 14 09 130 98
Tyr 19 10 74 22 4 21 09 122 g8
Phe 55 32 107 123 56 29 108 i30
Lys 23 30 123 79 26 31 165 69
His 506 08 214 295 294 1 343 239
Arg 1836 12 474 2 564 52 0g 734 4 2208
Toudl 8¥O 6 382 6 1809 6 043 1 7935 1583 239972 10776

*nd not determined
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Figure 4 Typical changes of free ammoacids composition of cassava leaves induced by soil water availabihty (suthaent (NS) and
Iimited {S) water avarlability)



Table 6 Phosphoenolpyruvate carboxylase (PEP Case expressed in pmol (mg Chl) ! mun 1)
sucrose phosphate synthase (SPS expressed m amel (mg Chl} P mun 1) and phosphoglycolate

phosphatase (PGP expressed in nmol {mg Chl} ! mun ') activities of young and old leaves of two
cassava vanenes {CM 1585-13 and CM 507-37) grown under sufficient (NS) or limited {5} water
avatlability {mean from five leaves)

CM 1585-13 CM 507-37
NS S NS S

Young Old Young Old Young Old Young Qld

PEP Case 04 07 44 08 08 03 56 24
SPS

Vmax 410 143 267 265 233 109 824 303

Vhm 93 65 157 59 87 43 94 63

PGP tr* r 168 1 37 tr* ¥ 3582 68 0

*tr traces of actvity



Glucose, fructose and sucrose showed modifications of therr accumulation tevels but the
total amount of the three carbohydrates increased following water limitation {data not shown)
This was associated with higher sucrose phosphate synthase activity (both maximal and
limited activity, Table 6)

Phosphoglycolate amount 1n leaves was depressed under water hmitation (data not
shown) This was associated with higher phosphoglycolate phosphatase activity suggesting
higher photorespiration (Table 6) An increase in malate succinate and citrate levels was also

cbserved 1n leaves of water depressed plants {data not shown) This was associated with
higher PEP case activity (Table 6)

The hugher levels of carbohydrates free amino acids and organic acids found n leaves
of water starved plants contribute to a decrease in the osmotic potential of the tissues in order
to protect cellular structures Furthermore there 1s no evidence that cassava display a C3-C4
intermediate photosynthes:s or change s photosynthesis mto C4 during water shortage An
alternative hypothesis 1s that the high phosphoenalpyruvate carboxylase activity found under
water hmutation 1s due to an increase in photorespration leading to an acceleration of

resprratory ammonuum assirailation requinng a high anapleuretic phosphoenolpyruvate
carboxylase functioning
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Part IH
Influence of cassava plants under water stress on the cassava mealybug
and three parasitoid species

Introduction

Mattson & Haack (1987) reporied that drought-stressed plants are often more suitable
for insect growth and reproduction because plant nutrients are either more concentrated or
better balanced Thus increasing and/or improving the balance of these nutrients should
favour msect performance explaining in part the often-reported outbreaks of plant-eating
imsects on drought-stressed plants  In Africa, for example, increases 1n pest populations are
often observed on cassava plants duning long dry seasons with another cassava mealybug
species Phenacoccus manthofi Mattle-Ferrero (Hemuptera  Pseudococcidae)
(Neuenschwander er gl 1990, Le Ru et al 1991) Under laboratory conditions Fabres & Le
Ru (1988) showed that P manthon exlubited a ngher intrinsic rate of increase (re) on cassava
piants under water stress, inducing an increase 1n the P manthoti population

The natural encmues of phytophagous nsects function and develop 1in a multitrophic
context (Price er ol 1950) Consequently their behaviour and physiology, which determine
their fitness, are influenced by many factors and stimuli derived from the plant (first trophic
level) and the phytophagous host (second trophic level) (Vinson 1976, Takabayashi e al
1991) A great number of studies have focused on the interactions between plants and pests
{(Maxwell & Jennings 1980) and between pests and parasitoids (Waage & Hassell 1982) In
recent years a common theme of mntegrated control has been to combine the selection of plant
vanety with biological control therefore 1t has been necessary to study the influence of planis
on mteractions between herbivorous insect pests and ther parasiiords (Van Emden 1987
Scounsst & Le Ru, [998) The plant influences host habitat location host searching by the
natural enemy and the oviposition behaviour of parasitoids It acts either directly via 1ts
physical and chemucal characteristics or indirectly by means of chemical cues dertved from
host (honeydew} activity or nutrition (Vet & Iicke, 1992 Godfray, 1994) 1t also atfects the
survitval of the parasitoid unul adult stage thereby influencing 1ts s1ze fecunduty and
developmental ume {Reed e af, 1991 Souisst & Le Ru 1998} In order to estimate the
parasitord s efficiency 1n biological control, 1t 15 thus necessary to consider the first trophic
level (Tingle & Copland 1988 Van Emden 1991, Souissi & Le Ru, 1998)

Mattson & Haack (1987} emphasized that drought provokes outbreaks of lef-eiting
insects by providing nutnitional conditions that favour therr growth and immunccompelence
[ese changes also favour the insect s escape from regulation by therr natwal encmies Under

lboratory conditions the parasitord Apoanagyrus lopczi De Santis {Hymenoptera
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Encyrtidae) refeased in Africa to control £ manmihon exhibits a lower preference for
pirasitizing mealybugs reared on cassava plants under water stress (B Le Ru, personal
communication) Furthermore Sowsst & Le Ru (1998) showed that cassava genotype
wifluences the development of this parasitord species  In the system under study 1t s
necessary to understand the drought-tolerance mechanisms of cassava the changes they might
trigger wr plant phystology and brochemstry, and what effect these changes have on the
mealybug and its parasitowds

The purpose of this study was to evaluate the influence of cassava plants under induced
water stress on P Aerrcni development and on the success of parasitism of three parasitods
and their development The parasitowds species studied were A diversicornts A vexans and
A coceors The use of the cassava genotype (mote or less drought tolerant} and parasitord
species most suttable for controlling P herrens in dry areas 1s discussed

Results

Development time of females to ovisac formation was signmificantly lower on both
genotypes when P herren: was reared on water-deficient plants (Table 7)  In contrast female
fecundity was higher On CM 507-37, a simular tendency was observed for female fecundity
thus no statistical significance was obtained

For both cassava genotypes, the weight of mature femnales and the ntrinsic rate of
increase (rm) were signuficantly hugher when P herrens was reared on water-stressed cassava
plants Furthermore, the weight of adult females was higher on CM 507-37 regardless of the
water treatmient

Sex ratio was influenced more by the genotype than the water treatrnent  The ratio was
about 2 2 and 2 3 {male female} on CM 507-37 and CMC 40, respectively

The rate of parasstism was generally lower in mealybugs reared on water stressed plants
{Table 8} Incontrast the death rate was generally higher No tendency was observed for the
emergence and survival rate parameters whtch were generally not influenced by the plants
water status

Furthermore when statistical significance was noted the encapsulation rate was higher
i mealybugs reared on water-stressed plants and the developmental time was lower

A comparison among parasitond species showed that the rate of parasitism of A coicows
regardless of the plant water status and genotype, was generally higher as compared 1o the

rates of A vexans and A drversicornis



[ able 7 Biological chu wienstics of P fierrens females re wred on cass iva pl mis grown with suthicient (NS) or hmited (8) water avairlabilnty and
resuls of 2 way ANOVA (genotype and water-treatment factors) when there 15 homogeneity of vanance and data normality The developmentd
nme (1 days) to ovisac formation, the fecundity of mature females (total no of eggs laid per female) the mirinsic rate of increase (ry,) weight
(1n mg) and sex rauo (% temale) were determined (means = SE followed by the no of rephcates o parentheses) For each plant genotype
different letters in the same column (water availability comparison) indicate significance (P<0 05) derived from Student s #test or from Mann-
Whitney U test for the developmental time to ovisac formation and weight

Cassava cultivar Developmental time Fecundity rm Female weight % femnle
to ovisac formation o
CM 507-37 NS T 233+005(85b 420 2+400 (13 02860004 (13)a 13003 (88)a 48 1x17{(m

S 227201 (78)a 496 6 £ 27 9 (9)a 0300+£0003 (Db 152004 (75b 54958 (6)a

CMC 40 NS 233+02 5200 394 14349 (Va 028520004 (Na TT£004(52)a 622x41(TNa

S 224200592 53254+395(10)b 030520003100 13£003¢923b 61 1X36(6a

ANOVA

genotype (A) 0 9005 06103 00171
treatment (B) 00095 (00001 04822
AxB 04335 0 4098 03211




Tible 8 Influence of the w aler e tment of casswa planty on succeess of parsatisem and on development ] tmwe of three parasitond species of P herrens T wo cassava
cultivars {CM 507 37 and CMC 40} were grown under sutficient (NS) or lumited {8) water availabihity For ench pamsiod species and etch cassava cultivar datferent
letters an the same column {a b water avadabality comparisens) indicate sigmicance (P<005) denved from Chy sguare test or from Mans Whitney £/ test for
deveJopmental ume

Parasitond Cassava Rateof  Emergence Encapsulabion Survival Death rate  Tetal no of Divelopmental
culfivar parasitisin rate rafe rate {from observed tune {m davs,
(%) (%) (%) (%) mserhon mealybugs mean Sk mb
of

ovipostor

ar direct

foodig)

£%) .

A roccon CM 507 37 NS 6l Thy T51a ] Gda 3194 7P 2071023468
s 4idav 7481 0 2704 464 b 71 W30 (22,
CMC A0 NS 608bv 783a 0 I Za 2501 56 2071201 (4
S dh2av 8024 O 133a 385hb 82 W2x01 (30
A serany CM 567 37 NS 437 au 7571 704 157a 377 n ®i 603NN
5 3ddav 69351 4{1 300b 34 U1 a0 23704 {185
CMC 30 NS 583bv B& & 37a 2204 1481 ) 23020332
8 273au 670a 143b 1433 44 1b 82 207+01{15%
{ diersicornn CM 307 37 NS 44 4bu 676a 81 108 a BT 67 257+02(20)b
S 250au 6941 250h 831 417a T8 222+04 {14
CMC 40 NS 437 bu 6394 167 a Ilha EYRiP 72 254x02{19b
s 312au 698 a 1354 91a 462 b §2 228+06(i%a

#for cach cassava culbivar and each water treatment different lellers m the same column {u v = parasitord species comp nsons) sndicate stgmficince at 5% level denved
from a Cha square g5t
Mord coccors and A vexans developmental trme for both sexes
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Based on the sex ratio and the size of progeny ubia these parameters were not
influenced by the water status of the plants (Table 9) For A diversicorrus alone the uba
length and thus progeny size were sigmificantly lower on water-stressed plants

Discussion

Cassava plants under water stress favour £ herrent development and reproduction  In
fact the developmental time of females to ovisac formation was shorter, moieover fecundity
the mtrnnsic rate of increase (rm) and the weight of mature females were higher (Table 7)
These data indicate a faster increase m the number of pests on cassava under low water
avaitability thereby explaiming 1n part the mealybug outbreak on cassava during long dry
seasons observed 1n the field by Bellott er al (1983) and Noronha (1990}  Furthermore
according to the parameters evaluated n this study (fecundity, rm weight of females) the
positive effect of water-stressed cassava on P herren: development and reproduction could be
related to nutntional factors, as suggested by Mattson and Haack (1987), e g plant nutrients
are either more concentrated or better balanced In fact cassava leaves under water deficit
exhibit an mcreased level of some compounds such as free amimoe acids carbohydrates
{sucrose} and organic acids (mahe and succinic) contributing to a decrease i the osmolic
potential of the tissues 1n order o protect cellular structures {see Part [I) Using a bio-assay
method for mealybugs developed by Calatayud er af (1598), an mcerease 1in the level of these
compounds 1 the diet and the use of a molar ratio (sucrose/free amino acids) at 2 5, found
cassava leaves under low water availability (vs 5 for well-irnigated plants) favours P herren
growth (unpublished data. CIAT, 1999) Al these observations confirm the fact that under
walter stress cassava favours P herrent growth and reproduction because plant nutrients are
either more concentrated or better balanced {ratio sucrose/free amino acids) Nevertheless
according to our results there 1s no evidence that more drought-tolerant cassava genotypes are
more favourable to mealybug development and reproduction The single advantage that CM
507 37 pigsented as a mealybug host over CMC 40 was the weight of the adult female which
was higher under the same conditions  This does not mean that the use of drought tolerant
cassava to manage mealybug populations should not be recommended because such
genotypes should be more tolerant to mealybug infestations, which induce water stress n
cassava (Calatayud ef al 1994 P -A Calatayud, personal observations) Furthermore
according to the results of the sex ratios {Table 73 the more drought-tolerant genotype CM
307-37 appears less favourable to the female population considered as more responsible for
cassava dimages by Polania ef af {1999)

According to the results obtained wilh the parasitolds successful pirasitism

influenced by the plants water status Water-stressed cassava plants induce a decre s m the



Table ¥ Influence of water treatment for cassava plants on tibia length (im mean + SE) and on
sex ratio {represented by % females) of three parasitoid species Two cassava culuvars (CM 507-
37 and CMC 40) were grown under sufficient (NS} or limited {(8) water availability For each
parasitexd species different letters 1n the same column (water-availability comparisonsy idicate
significance {P<0 05) derived from Mann-Whitney U test For the percent females the same
letter 11 a column (water-availability compansons) indicate no significance (£>0 05) denved
from Student s ttest for A coccors or from Chi-square test for A vevans

Parasitowd Cassava Tibia lengths  libia lengths %
caltivar of male of female females?
A coccous CM 507-37 NS 227 +da 234+ 3a 7014354
S 220+ 4 a 235+2 & 704+38a
CMC 40 NS 232+ 4a 238+ 4a 812x39a
S 236t6a 2394+ 32 780+344a
A vexans CM 507-37 NS 427+ 104 4372 + 6 a Tida
S 419+ 23 a 458+ 22a 667 a
CMC 40 NS 421+ 15a 4531+ 17a T14a
5 410+ 12 1a 468+ 11 a 700 a
A dwersicorrns CM 507-37 NS - 018t 15h 1000
s - 483+ 12 a 1000
CMC 40 NS - 608 +£20Db 100U
S - 494 =21 a 1000

For A coccots mean £ SE
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rate of parasitisin regardless of the parasitoid species studied (Table 8) but thete 18 no
evidence that more drought-tolerant cassiva genotypes dare less favourable to the success of
pu wnitism  In fact lowest parasitism rates for both genotypes were obiammed on water-stressed
plants

During host selection parasitoids use a variety of cues to assess the quality of therr
hosts such as shape surface structure and internal and external chermical substances (waxy
secretions and honeydew) (Godfray 1994) It 1s well known that the quality and quantity of
these substances vary according to the species, variety and plant resistance level influencing
host discrimination by parasitords (Takabayash: & Takahashi, 1993) At the ume of
oviposition the quahty of parasitoid hosts depends on their age or stage of development, size
condition and diet (Godfray, 1994) In this study the experimental conditions the genotype
host age and stage of development were 1dentical for both cultivars the diet was the only
varymng factor Our data demonstrate that the diet of P herrent influences the parasitism rate
o! parasitoird species, suggesting that water stress influences host discrimination by the
parasitowds  Furthermore, the most appropriate candidate among the parasitoid species studied
for iological control in drought-stnicken areas could be A coccors In fact a higher rate of
parasiism was obtained with this species on cassava under low water avalability {Table 8)

When statistical sigmificance was obtained higher encapsulation rates were observed
with A vexans and A diversicornis when mealybugs were reared on water-stressed cassava
plants (Table 8} As already neted by Bertschy (1998) no encapsulation was observed with
A coccots species [t 1s well known that m the ability of the parasitoid to resist the defence
mechanisms of the host, all known mechamsms to avoid encapsulation, used —either by the
female parasuoid (during oogenesis or oviposition) or by the embrye (formation of lytic cells
at the serosal level without mntake of exogenous nutrnients) (Nenon et af , 1988)- depend upon
the species  Furthermore 1t has been demonstrated that intensity in the mealybug's immune
reaction changes with the age and stage of the host (Sulhivan & Neuenschwander 1988
lzoigquel 1990} older hosts encapsulate more often than younger ones because they contan
mare hemocytes  In our experiment, the mealybugs used were at the same age and stage The
tigher encapsulation rate recorded on mealybugs reared on water-stressed plants suggests that
the trophic characteristics of the plant may mfluence the intensity of the mealybug s immune
reaction and that cassava under water stress could have a positive mfluence on this  As
mentioned by Mattson & Haack (19873 drought enhances the insect immune system

In contrast two other parameters (Table 8} are not favourable to mealybugs The death
rate, munly due to duect feeding by the parasitoid 1n our experiment (d ia not shown} was
found to be lgher in mealybugs reared on water-stressed plants  This could be 1elated to
some trophic quality of the host enhanced when the cassava plants are under water stress
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confirming the fact that successful parasitism 1s related to the host diet  Except for A coccors,
the developmental time of parasitoids was found to be lower in mealybugs reared on water-
stressed plants This could be related to the fact that the developmental time of P herrent was
lower on cassava under low water availability

Furthermore only n the case of A diversicornis tibra length and thus progeny size
were reduced on water-stressed plants (Table 9)  With the cassava mealybug parasitoid
species Apoanagyrus lopeze, the nuraber of cocytes contamed 1n the ovarnoles of females s
positively correlated with body size (Yan Duyken et al, 19913 The larger size females hive
longer and have a greater probability of mating successfully {(Kraayeveld & Van Alphen,
19863  Previous studies showed that female fitness mcreases with adult size (King 1988
Visser 1994) Our resuits with A diversicorns suggest a lower expression of the fitness on
cassava under water-deficit condittons

As Kraageveld & Van Alphen (1986) have emphasized with A lopez: our parasitond
species are homnobiont parasitoids, whose Jarvae develop m a host that continues to feed and
grow after having been parasitised Contrary to idiobiont parasitoids the size of the imago
may be related o the growth of the host (Waage, 1982) For A diversicornis, smaller adults
were obtained on cassava under water deficit conditions (Table 9) whereas larger mealybugs
were obtained on these same plants (Table 7) These data indicates that the ability to regulate
parasitoid growth 1s expressed differently according to the water status of the host plant This
observation which 1s valid only for the asexual stramn used in this study, suggests that
progeny size of this reproduction type should be more sensitive to the first trophic level In
the future, therefore, consideration of the type of parasitond reproduction should be useful m
the biologrcal control of P Aerrenrin drought-stricken areas

In concluston we showed that water stress of cassava plants has a positive effect on the
development and reproduction of P herrent females and a negative influence on both the
success of parasitism regardless of the parasitod species and on the size of parasitold
progeny depending on the parasitoid species explamning in part the increase in mealybug
populations on cassavas during long dry seasons  As mentioned by Mattson & Haack (1987)
while drought-stressed plants are physiologically more suitable for phytophagous insects
because plant nutrients are either more concentrated o1 betrer balanced simultaneous drought
disfavours natural enemies of phytophagous insects  Furthermore m drought-stricken areas
more drought-tolerant cassava genotypes should not be less favourable for controlling P
herren populations and A coccots would be most appropriatc among the phrasitold species

studied
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General conclusion

The drought resistance strategy of cassava 1s complex The avoidance mechamsms
feading to reduced water loss are associated with hehotiopism and drooping This allows the
leaves to moderate the interception of hght when rradiance 1s tugh Under these conditions
voung leaves aclieve a reasonable rate of photosynthesis which 15 likely to be of primary
importance m acchimation to drought since old leaves are almost totally photosynthetically
inacttve It appears that voung leaves have neither the ability to use high rradiance for carbon
assimilation due to stomatal limitation nor the capacity to dissipate surplus light energy under
water stress Thus, the strong heliotropic response and drooping of cassava leaves must e
seen as a photoprotective strategy necessary to prevent imhibition of photosynthesis and hght
stress

There 18 no evidence that cassava displays a C3-C4 intermediate metabolism o change
from C3 to C4 under water shortage The higher levels of carbohydrates free amino acids and
otganic acids found in leaves of water starved plants contribute to decrease the osmotic
potential of plant cells to preserve cellular structure  The hgh phosphcenolpyruvate
carboxylase activity found under water hirmitation could be due to an increase 1n
photorespiration leading to an acceleration of resprratory ammonium assimilation requiring a
high anapleuretic phosphoenoipyiuvate carboxylase functioning

Furthermore, water stress of cassava plants has a positive effect on the development and
reproduction of P herren: females and a negative influence on both the success of parasiism
regardless of the parasitond species, and on the size ol parasttoid progeny, depending on the
parasttoid species explaiming in part the increase m mealybug populations on cassavas during
long dry seasons  In fact while drought-stressed plants are physiologically more suitable for
phytophagous msects because plant nutrients are either more concentrated or better balanced,
simultansous drought disfavours natural enermies of phytophagous msects  Furthermore 1n
drought-siricken areas more drought-tolerant cassava genotypes should not be less favourable
for controlling P Aerren: populations, and A coccors would be most appropriate among the
paasitond species studied
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