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Abstract: (ontraction ofSauromatum guttatum roots creates a slow, downward underground cormement, the corm becoming covered by a greater
amount of soil, and the geophilous plant surviving dormancy period at a safer soil position. (onevement ofSauromatum guttatum is only
possible if raot contraction results in pullingigity. This pulling activity can be quantified ugrthe lifting technique. Measurements of the pgllin
activity are shown as working curves over time asdthe maximum work of a single contractile rootir Pesults show that root activity va ries in
individuals cultivated under different parametenditions. It can be shown that two factors induaet icontraction: first, rapid temperature fluctaas
during the preceding grawth period; second, illuation of the sheath leaves during the actual graetiod. However, light induction is, as found here
more important and hierarchically superior, for temperature effect is only seen in plants whosatshleaves are not illuminated. Mobility ®fgutta-

tum plants can thus be described as photo-movemetiefight effect is not present, the mobility 8f guttatum may become thermo-movement.
However, at present, there is no indication thiatithovement is oriented to the direction of stinsulu
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Abbreviations:
1- pre-treatment, no light on the sheath leaves
1+ pre-treatment, with light on the sheath leaves
t15 pre-treatment, day/night temperature fluctuestiof
10-200(
tO pre-treatment, no temperature fluctuations
L- treatment, no light on the sheath leaves
L + treatment, with light on the sheath leaves
T15 treatment, day/night temperature fluctuatioh200(TO treatment, no temperature fluctuations

Introduction

As we have shown in time lapse pictures (Putz, 1988},1996), the function afontractileroot activity in general is to move an
underground plant body, e.g. to reach and retaaf@position in the soil. In deeper soil positicswl conditions (e.g. water, temperature
) are closer to average and plant organs areiledg to be subjected to drying or freezing durthg dormancy period. If the plant body
is positioned at greater soil depths, contractiet activity may decrease, e.g. some species devedocontractile roots at all (Galil,
1958; Halevy, 1986), while in the case of othem)tractile root properties change (Rimbach, 189818399). Thus, it would appear
that at least so me species are able to record sbiidepth, responding with a change in contlagtot activity, and, as the final
consequence, changing the moving response of &mé ipbdy.

The first person to carry out experiments relatiaghis topic was Galil (1958). He pointed out thiat Leopoldia maritima, rapid
temperature fluctuations of the soil were respdaditr the formation of contractile roots. Iziro an@t(1983) reported further
details about temperature promoting contractilgsran Gladiolus spec. andDxalis bowieana. Finally, Jacobyand Halevy (1971)
and Halevy(1986) haveexaminedndividuals ofGladiolus and identified two parameters as being responéiboléhe induction of
contractile fOot formation: light illumination oheé upper sheath leaves, and temperature fluctaiticthe root initiation zone.

The species investigated develop two kinds of rosrtsall nutrient roots and bigger contractile orefmwing (1) an increase in root
thickness and (2) a shrinkage of the root surfadin@ most visible signs of root contraction. lesi cases, it seems possible to count the
number of contractile roots of individuals plantedder different conditions, and to draw some casiolis about contractile root
formation in relation to such parameters as lighttmperature.

Most species having root contraction do not formcsa contractile roots, but show only one kindadft, whose function is nutrition and
contraction (e.g., Alliaceae, Amaryllidaceae, A@&g and, in some cases, even storage (e.g., Heatle@taceae). Thus, analysis of
pulling activity by counting the number of contiigetoots is impossible. INardssus tazetta (Amaryllidaceae) antllothoscordum inodo-
rum (Alliaceae), we were able to take the macrosctgatures of contraction (swelling and shrinkagse)a bendmark for pulling
activity (PUtz,1996a). In these species, illumination of the Haaflparts is the only parameter thus far identifies regulating root
contraction and bulb movement.

However, in preliminary pot culture experimentshwauromatum guttatum Schott it became clear that neither swelling nom&iage
were distinctive signs of the pulling activity ihi$ species. Therefore, individuals ofdbttatum were grown in a mist culture system
under various cultivation conditions. We measutesl pulling activity of single contractile rootsing the lifting method (Putz, 1992).



Expressed in force, work or power, these measurestmovided quantitative factors useful for compa, and in discovering which
parameters induce root contraction and corm movemen

Materialsand Methods

During the resting phase in winter, cormsSafiromatum guttatum Schott. (Araceae) of equal size (50-60mm diameter)
were selected at the Botanical Garden ofthe R. WH.TAachen. A detailed description of growth andvement of S.
guttatum is given in Pltz (1996). Sprouting ofthe corm oscafter a resting phase of about six months angstalace in

darkness. The corm first develops three scale tesleeatheaves) and t 3 foliage leaves, which form a leaf stern (Figilje
After the first foliage leaf unfolds, the sheathves degenerate. The roots appear successiveig &b of the corm and
function for nutrition and contraction. During tlggowth season the old corm becomes exhausted andew corm
develops just above (vertical corm).

Pre-treatment

The individuals were cultivated in planting cont&m (5 litres), filled with riddled sand/loam mixéu Half the individuals were
cultivated in a greenhouse with minimum temperatnargging from 14°( at night to 25°( during the d@n hot summer days the
maximum temperature measured was up to 35 ° C, ievéime shade). The other corms were cultivated jphytotron at a constant
temperature of 20° C (+/- 1° C). The plants wertaiinated for 12 h daily using plant lamps (Osr&wower Star HQI-T 408V/DH).

In the greenhouse, and also in the phytotron, tafindividuals were planted approx. 10 mm under ¢bH surface. Thus, during
sprouting all leaves became illuminated, the shésghies as weil as the foliage leaves (Figure 1TAg remaining individuals in each
culture room were cultivated by simulating a deep position. This was achieved using a tube of ¢aak (60 mm diameter), through
wh ich the individual had to grow during sproutififne tube was resting on the soil surface and ed fvith small black beads of foam
rubber, and thus the first 180 mm of the leaveseveéiielded from any illumination. This depth ensuteat only the tips (and no other
parts) of the sheath leaves will be illuminatedteAthe vegetation period, four classes of pretgeatdividuals were available:

1+/t15 = light on the sheath leaves, temperature fluatnat{greenhouse)

1-/t15 = no light on the sheath leaves, temperature fatmos (greenhouse)
1+/tO = light on the sheath leaves, no temperature fatzn (phytotron)

1-/tO = no light on the sheath leaves, no temperatuotuation (phytotron)
Treatment

During the following growing period, 16 pre-treatedividuals of equal size (50 - 60 mm diameteryeveultivated without soil in a mist
culture system. The corm was placed on a standFigeee 1 B), fixed in place with coated wire and pito a culture chamber, where
the plants were sprayed with Knop's nutrient sotufor 15 s at hourly intervals (for a detailed atgstion see Pitz, 1992). Eight ofthese
chambers were located in the greenhouse (temperfiictuations, T15), another eight chambers reawhin the phytotron (TO) at a
constant temperature of 20° C (+/- 1° C). The lopamts (180 mm) of half of all plants were protectem illumina

Fig.! Sauromatum guttatum, A) Entire
plant in pot culture, the underground parts
have been dug out; B) View inside a
culture chamber. The distance of tube 11
to the bearing surface demonstrates the
pulling activity of the root. I, 11 different
tubes; ST stand; BS bearing surface; SU
support; CO corm; CR contractile root;
SL sheath leaf; FL foliage leaf. Bars
represent 30 mm.




tion using PVC tubes as described above (L-), thers were planted approx. 10 mm under the sofasey thus, during sprouting,
allleaves became illuminated (L+).

After the vegetation period, for classes of treanefividuals were available: L+/T15; L+/TO; L-{T1&nd L-{TO. However, planting was
carried out to ensure a uniform distribution of ther classes of pre-treated individuals in théunel chambers, e.g. individuals of 1+{tO
were treated by L+/TO, L+{ T15, L-/TO and L-/T15cefThus, with four pre-treated classes and foussga of treatment, a total of 16
individuals of different parameter combination weneailable at the end afe second growth period (e.g. 1+{tO{l+{TO; 1+{tO§{T15;
1+{tO{ L-{TO; etc.).

The whole procedure of pre-treatment and treatrnead repeated, i.e. over a time span of three yeddatal of 32
individuals were examined to quantify the actiwfysingle contractile roots in relation to variquerameters.

Measurement

In the mist culture chambers, root activity was suged using the lifting technique (Pitz, 1992). Rawere introduced into small plastic
tubes filled with substratum (mass of 75 :t 5 gyl dixed with a packing ring made of piaster of Ba{Piitz, 1992). The extent of
contraction was determined by measuring the changdistance between the tube and the surface dfupport during the course of the
experiment. In Figure 1 H, two measurements casdsn. Tube | is resting on the bearing surfacéhefsupport (beginning of an
experiment), Tube 11 being lifted off by root pndi This tube lifting was measured at interval$vaf days and lasted approx. 45 days
for a single contractile root. Ta establish theviiial in the mist culture, the first 10 roots warot measured. For the following roots,
measurements were carried out. In the culture ckesnipace is limited, and it was therefore onlysgge to measure 5 - 7 roots of each
individual.

(a/culation

The pulling force (in N) was calculated by multipply tube mass by acceleration. Increasing tube megssts in an increase in pulling
force. However, as Putz (1992) has shown Sauromatum guttatum, an increase in tube mass results in a decreaseeitifting
movement, and the magnitude of variation of theiemlof work remains small. This means that theevaluwork is most useful in
comparing the raot activity of various individualg determine the work (in J) of a pulling raote tistance of tube movement is
multiplied by the calculated force. Work was cadtatl for each tube lifting step measured, and ghagrve is available for increase of
work relative to time, finally reaching the maximuworle Fir each parameter combination (pre-treatnzerd treatment, e.g.
1+{tO/L+/TO, etc.), an average curve for increa$avork over time was made (each fram 10 - 11 simgl®et measurements of two
individuals).

Additionally, calculation of the average maximumrwevas carried out. This seems to be necessargtecting the significance of the
various parameters involved in contractile rooivétgt Calculations were made by 'graup of plantgtjuding all individuals having a
defined parameter: L+

(average of 87 raot measurements of 16 individuk(gyerage of 87 raot measurements of 16 indingju&15 (87/ 16), TO (87{16), 1+
(87/16), 1- (87/16), t15 (87/16), tO (87{16). Indhitbn, similar calculations were made for plantghwut light treatment (L-), in
combination with another parameter: L-/TO (43{8XT15 (44/8), L-/t15 (43/8), L-{tO (44/8), L-{I+ (4/8), and L-/I- (43/8).

Results

The pulling activity of a single contractile ra@rcbe shown in curves ofincrease in work in refatmtime (Figure 2). We have found
three types of curves, which differ significantlyp. curves of type A, the pulling work of the raotcieases, and eventually reaches a
plateau at a level of at least 0.32 J. Table 1 shthwe average maximum work of the raots of all {slamith different parameter
combinations, thus, e.g. the individuals in Figase [t15 1- TO L+l, have contractile raots whichilbuup to a work level of 0.39J
(average of 10-11

measurements). Table 1 shows that this type ofecaceurs in plants of different parameter combaretiand can be found eight-times
among the individuals having a treatment of ligh)(

In curves of type B, the pulling work increasest ewentually reaches a plateau at a lower leved iftlividuals in Figure 2 H, [t15 1-
TO L-]. show an average contractile raot activitynly 0.12J (Table 1). This type occurs four-tinmeJable 1,
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Fig.2 Measurement of root activity (working curve$)plants with various parameter combinationsBAC, each curve representing the
average of 10-11 single root measurements). Thedidihes indicate standard deviation and showgaifgtant difference in the total
amount of work (W, in Joules).

Table 1 Maximum work 0) of a single contractile rootS#uromatum guttatum measured in each culture chamber (each value esgses
average and standard deviation of 10-11 single messurements). Maximum work is represented byaheus working curves (type
A, B, C. see Fig. 2)

Table 1 Maximum work (}} of a single contractile root of Souromatum guttatum measured tn each culture chamber (each value represents
average and standard deviation of 10-11 single root measuremnents). Maximurm work is represented by the various working curves (type A,

B, C, see Fig. 2)
Culture chambers in the phytotron: Treatment T SRR
L+ L+ L+ L+ [ I L- L-
t15 t15 t0 10 t15 £1% t0 to
I+ |- b+ - |+ |- I+ -
Type A 0.35 0.39 .41 0.37
+0.07 +0.11 +0.05 +0.05
Type B 0,14 Nz
+0.03 =0.03
Type C 0.00 0.00

+0.00 +0.00

Culture chambers in the greenhouse: Treatment T15 .

L+ L+ L+ L+ L- L L- L-
t15 ti5 0 t0 t15 t15 t0 to
I+ I- I+ - I+ - [+ -
Type A 033 .38 0.33 0.32
+0.08 +0.07 +0.08 +0.08
Type B8 0132 114
+0.02 +0.02
Type C 0.00 0.00

+ (.00 +0.00




and seems to appear only in some plants havingpet@ture pre-treatment. Curves of type C repres@ts of plants having no pulling
activity (e.g. [tO 1+ T15 L-] in Figure 2 C) andaar four-times in Table 1, distributed among thanps having had no temperature pre-
treatment.

Calculation of average values and standard dewmsticam maximum work far "graups of plants" sulgdcto different parameters is
useful in determining wh ether a particular fadg®mrequired in pulling activity. Taking all measorents into account, temperature
treatment (TO versus T15), pretreatment of tempeeat15 versus tO) and light (1+ versus I-) do pitduce different contractile raot
activities (see hatched columns in Fig. 3), and tlseem to have no inductive effect. The only patanmshowing significant differences
is light in the year of measurement (see Figurestment: L+: 0.36 :t 0.08J). However, even déeeptpd individuals (without light
treatment, L-) still show slight contractile raattigity with an average work of apprax. 0.06 :100.J. This activity of deep-planted
individuals (L-) could be autonomous. However, taeel of activity ranges from zero to 0.14J (congp@able 1) and thus points to
another parameter inducing pulling activity, butiethis superimposed by light treatment. To verffist the calculation was repeated for
"group of plants" having no light treatment (L-n) gombination with another parameter. While treatiod temperature (L-{TO versus
L-{T15) and pre-treatment of light (L-{l+ vs L-{I-had no effect, splitting of L- plants into two gps of different temperature pre-
treatment (L-{t15 versus L-{tO) results in a defely different effect. L-individuals with temperaguchanges in the previous vegetation
period(L-t15) show a contractile raot activity of appr&3 :t 0.03] but those with no temperature changes in the pieggear
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Fig.3 Average work and standard deviations for differegitoups of plants" of defined parameter (treatméight (L +, L-) or
temperature TO, T15); pre-treatment: light (1+,dr)temperatur€W, t15), for calculation see Materials and Methodsjche column
represents the measurements of 16 plants and §e soots, with the exception of the "group of p&irhaving the treatment L-, which
were divided according to their temperature prattrent, t15 and W. These two columns (L-{t15 anfi\l)-show the average work of
eight individuals with 43 -44 single root measuratse Black columns represent the parameters whpidduce a quantitatively
measured induction effect.

(L-ta) have no contractile root activity (Figure hus, it would appear that day/night temperativ@nges of 10200( in the
previous growing season have an inductive effedherdevelopment of contractile roots in the follogvseason. However,
this temperature effect is significantly smallearttthe light induction.

Maximum work, given in Table 1 for each parametembination, is of the same order of magnitude iergwcase in
relation to light treatment (L+). This indicatesatithe two parameters are not additive. Light itiducalone leads to
maximum contraction activity. A temperature effesconly detected when light is not acting.

Discussion

The experiments carried out to date make clear tivat ecological parameters, illumination and sainperaturechanges, are
responsibldor contractile root activity. Thermay exist other parameters of use to plants fezadiely depth, e.g. water or chemical
compounds (02, (02), However, these factors conld bbe useful if they conform to a gradient in #@l. With a mist culture there are
no suchgradientsfor S. guttatum. Halevy (1986) pointed out that corm size is anofaetorregulating the formation afontractile
roots. He reports th&ladiolus grandiflorus plants with large corms do not form any contraatilets, but split into two or more daughter
corms. Shallow-planted, larggormsof S. guttatum (approx. 14-20 cm diameter) also branch into mamyns (Pltz, 1996), but these
still have contractile roots which bring about urgteund movement. Thus, planting largeg&tatum corms near to the soil surface does
not affect the formation of contractile roots, boes affect corm growth and branching.



S.guttatumis a very good experimental subject, since it etxiparameter changes by significantly differenivities. Eight individuals
do not show any contraction activity, and thus seerdemonstrate that there is no other paramesgrorsible for regulation of the
activity of contractile roots. Visual featuresrootcontraction, i.e. increasing root diameter andrédage, are not indicators
of quantitativedifferences in contractile root activity in §uttatum in relation to environmental conditions. For exaepmlthough we
found a significant variation in activity using thfting technique, rootsf individuals showing either curve A ourve B (see Figure
2) lookquite similar, both are 4- 6 mm thick and show acefshrinkage proximally. Even roaftsindividuals with no activity
(type () are about 3 -4 mm thick and show littleface shrinkage. Thus, our lifting-measurementstfaeeonly possibility of discovering
the parameters which induce root contraction iguatum.

Light-induction

Our culture chambers were covered with a wooden(Baxz, 1992), so that only the upper parts ofpila@t could receive light. Halevy
(1986), inGladiolus grandiflorus, found the sheath leaves to be responsible for ligt¢ption. We found the same indbttatum. If S.
guttatum corms are planted ne ar the surface, most pattseeagheath leaves become illuminated during sprguéven when the foliage
leaves at their lower parts are covered. Plantirgutsatum corms at 15 cm or deeper below the soil surfacenmtiwat only the tip of the
upper sheath leaf will achieve exposure to lightug;illumination of the sheath leavedirectly corresponds to the soil depttthe
corm, and it appears that reception of lightoisalized in the upper sheath leaf. However, ing@tatum these sheath leaves
degenerate a few weeks after sprouting, and thugfmuenceof photoperiodic changes seemgprobable. However, we currently
know nothing about the photoreceptor pigment. Thiy approach has been made by Halevy (1986) inodesing that red light was
responsible for the treatment Gfadiolus contractile roots. However, his results are not#jpeenough for any conclusions to be drawn
ab out the chemical components.

Perception of light produces a first response,rtfoé contraction activity, which, as a second resgo is responsible for underground
corm movement (Plitz, 1992). This means that illatiam is the external stimulus which eventualldiices movemertdf the total
organism (photo-movementJhe only other example for such a photo-movemenhigher plants could be the underground
movemenbf growingrhizomes (Bennet -Clark and Ball, 1951; Raunki2684; Mohr and Schopfer, 1994), but detailed irlgatibns
are lacking. Oirection omovement in Sguttatum only depends on the directia growth of the contractile roots, and in pot-
cultured individuals we cannot find any influenddight on the direction of root growth in §uttatum. Therefore, plant movement of S.
guttatum by root contraction might be interpreted as a pblotdic reaction.

Temperature induction

We have found no direct induction effect due tadapmperature changes, as Galil (1958), jacobyHaddvy (1970) and Halevy (1986)
reported for_eopoldia andGladiolus. However, in Sguttatum, temperature changes in theceding vegetation period function as
an induction for contractile root activity. At peset, we know of no other examplestich a thermophobic reaction in higher plants.
Since quantificatiorof root activity requires a great deal work, we have not been able, so far, to localidesre temperature
reception takes place. However, Halevy (1986) hasedsome investigations with pot cultured cormsGtddiolus and found "that
temperature treatment is perceived at the rodgatioh zone". This also may be true ofgbttatum, although, in this species, information
has to be stored during the resting phase, possililye root tips of the very young root buds. Thesot buds will grow out in the next
vegetation period, retaining the information todmatractile. This might support the main functidncontractile root activity in adult
Sauromatum corms, which is to keep a safe soil position (P1#86). Temperature fluctuations seems to be adiridarly warning" for
the system to move deeper into the soil as a leng-tesponse. Light illumination on the sheath Bafng sprouting is inducing an
emergency response to move deeper more quickly.

Outl ook

In summary, inductiorof contractile roots and/or contractile root adgivoccurs through various parameter combinatidesnperature change
(Leopoldia maritima, Galil, 1958), tempeature change and illuminatiosi the sheath leave¢Gladiolus grandiflorus, Halevy, 1986),
illumination of the sheath leaveg\Narcissus tazetta, Nothoscordum inodorum, Puitz, 1996a), or illumination of sheath leaves and teiafoee
changes in the preceding y€8auromatum guttatum).

Root contraction and the resulting plant moveméay pn important rale in plant survival of geoplsysad other lifeforms (Raunkiaer,
1934), especially if we remember that raot conibacseems to occur in seedlings of many plant sge@ompare Ptz and Sukkau,
1995). Further investigations of contractile rawdiction are needed in relation to the reception (storage) of the extemal stimulus.
Furthermore it seems helpful to illuminate locattpaf plants grawing in the dark (compare Frangieal., 1990) to get an idea of leaf-
raot communication. Furthermore, it will be necegsa know which anatomical changes occur duringt kontraction. Although there
have been many examinations(e.g. Ruzin, 1979; Wilsod Anderson, 1979; jemstedt, 1984), the anatnmtechanism of raot
contraction remains unclear (Putz and Fraebe, 1995)
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