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Abstract

In cut flowers, which are harvested in arr and transported dry, al cut xylem vessds in the
basal part of the stem contain ar instead of water. These ar-emboli initialy block water
trangport a the start of vase life, but usudly (partly) disgppear during the first hours of
vae life, resulting in rehydration of the flower. However, in some cases flowers are not
able to sufficiently remove these ar blockages, resulting in a poor water status expressed
by wilting. Differences in rehydration &bility are present between cultivars, but aso
between different lots of flowers within one cultivar as result of growing conditions.

Usng chrysanthemum cut flowers invedigations are focussed on the dynamics of the
flower water datus during the fird hours of vase life after ar entrance in the xylem
vesds via the cut surface. Role of xylem anatomy in the process reaed to the
establishment of a good or bad rehydration are studied by means of cryo-SEM and other
microscopic  techniques, dynamic measurements of sem hydraulic resstance and H
NMR imaging. Modding techniques are use to explore theoretical concepts and to
integrate experimentd results obtained by the different experimenta techniques.

1. Introduction

One of the man factors which consumers clearly associate with cut flower qudity
IS an adequate vase life. In many cut flowers the limiting factor of vase life is water stress,
expresed as early wilting of leaves or flowers (van Doorn, 1997). Early wilting occurs as
a result of premature loss of cdl turgor and might appear when water uptake and
transpiration are out of baance during a lasting period of time. The cause of this
unbaance can be dther high transpiration or limited water uptake. Limited water uptake
Is often due to a high hydraulic resstance (R,) in the lower part of the at flower em.
With a continuing unbalance between transpiration and water uptake water potentias
continuoudy fal and cavitations might occur dl dong the water transport path. This
reduces R, further and findly leads the flower into an unrecoverable gStuation and the
premature end of its vase life.

Water stress may show up after some days but also immediatdly a the start of the
vae life. It is wel known that in many species R, gradudly increases during vase life.
This long term increese in R, has been explaned by the deveopment of physicd
obstructions in the xylem, which might be due to physiologica causes or due to blockage
of the xylem vessds by bacteria, yeasts or fungi (Read et al., 1996). In chrysanthemum
this long term increase of R, seem to be influenced by the compostion of the vase
solution (van Meseteren, 1999).

Besdes this long-term incresse in R, there seem to be aso a short-term decrease

in Rn, which occurs a the dtart of the vase life and serioudy influence the water 07
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status of the cut flower. This decrease in R, is caused by the remova of ar blockages
from the water trangporting xylem vessds in the basd part of the cut flower sem. It is
known for more then a century now that ar embolisn can cause removable blockage of
water trangport in the stems of cut flowers (De Vries, 1873). In practice this type of
blockages arises a harvest or during dry storage when the stem is usualy under negetive
tengon and ar is drawn into al cut xylem vessds-ends a the cut surface (Nijsse et al.,
these proceedings). Therefore R, of cut flower sems might be very high a the dat of
ther vase life This may cause serious water dress when ar embolisms are not
aufficiently removed during the firs period of vase life. For some unknown reasons this
unpredictably seem to occur in various modern chrysanthemum and rose cultivars. It was
shown in chrysanthemum cut flowers that recutting of fresh, dry harvested shoots under
water or vacuum dehydration or a 2 h pretreatment of cold water (0-5°C) could
counterbaance the negative effect of air embolisms on the water baance (van Meeteren,
1992). High water temperature (40°C) or low pH could aso obviate the effect of initid air
embolisms (Reid et al., 1996).

Anaiomical properties of the xylem vesHs lagdy deermine the hydraulic
resstance (Ry) of the water transport path in the cut flower slem. Poiseuilles law (Eq. 1) is
often used to describe water flow through a xylem vessd

DP = Sﬁ_(gl (1)

pr

where h is the viscosty of the flowing solution, DP the pressure difference between the
ends of a circular tube with length | and radius r, and Q the volume flow. According to
this often-used law, Ry largdy depends on vessd diameter digtribution, while it can be
argued that far most of the transported water flows through a few large diameter vessels.
It is known that large diameter vessdls are more vulnerable for cavitations during periods
of water dress (Zimmermann, 1983). Little is known about the role of xylem anatomica
properties on the behavior of ar embolisms in cut flower sems during the first hours of
vae lifee To gan underganding about processes and xylem anatomica properties
involved in the recovering of chrysanthemum cut flowers during the first hours of vase
life, we used a combination of computer modeling and advanced measurement
techniques. In this paper generd outline and preiminary results of this research are
presented.

2. Generd outline of the modd & prdiminary results

2.1. Generd modd water balance of cut flower

The water status of a cut flower is the result of many interactions (Fig. 1). It is
primary a function of trangpiration and water upteke. Water upteke is manly driven by
transpiration and redtricted by the hydraulic resstance (Rn) of the water transport path.
Feedback mechanisms between the water status of the cut flower and stomata opening
usudly prevent excessve water loss. A high R, reduces water uptake and negatively
influences the water status of the cut flower. If the water status becomes very low, R, may
progressively increase due to cavitations. The role of water status on an eventua decrease
In R, during the first hours of vase lifeis undlear.

At the dat of its vase life the cut flower is podtioned in an environment that
enhances transpiration, while it is assumed that R, is high due to ar embolisms in the
basd pat of the sem. In this Stuation remova of ar embolisms seems necessary to
escape from a negative spird of decreasng water status due to water uptake being lower
than transpiration. Therefore the mode focuses on the dynamic behavior of ar embolisms
in the basal part of the stlem.
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2.2. Initia condition: presence and Sze of ar embolisms a the sart of the vase
life

The wdl-known equation for capillary rise can be modified to caculate the
vulnerahility of xylem vesselsfor ar-entrance when they are cut at harvest (Eq. 2).

P, :4—5 cosQ 2

where Py is the xylem tendon a harved, d is vessdl diameter, gsurface tenson (0.072
N.m?), and Qs the contact angle between water and xylem wall (0°). Caculaions with
this eguation showed that the tendon, necessxy to pull ar into a xylem vess, largey
depends on vessdl diameter. However, even with a moderate negative xylem tension €30
kPa) dl cut vessas larger than 10 nmm diameter become air filled. It is thought that air-
water interfaces cannot pass vessa-to-vessdl connections because the force necessary to
pul an ar-water interface through the narrow pores of pit membranes in vessd-to-vessdl
connections (<< 1 mm) largely exceeds the pulling pressure in the xylem of a cut flower
dem a harvest. The actud amount of ar that enters a vessd depends on its length and
diameter, which may largdy vary. Research with the Cryo-SEM technique to check these
assumptions and caculaions clearly showed that indeed dl cut xylem vessds at the basd
cut surface are completely filled with arr after harvest (Nijse et al., these proceedings). It
may be clear that the actua Ry of the dem a the dat of the vase life is a complex
function of the length- and diameter didribution of air-filled vessd-ends in the basd part
of the sem.

2.3. Modd for the recovering from ar embolisms during the first period of the
vaelife

The modd for recovering from air embolisms describes the process of air remova
as a rexult of capillary rise, followed by dissolution of ar from the embolised vesss.
After regpplying water to the cut flower stem, water tends to enter air-filled xylem vessd
ends, manly due to capillary forces and on the condition thet the wadls of the xylem
vesds ae wettable This tendency is larger in smdl diameter vessds than in large
dianeter vessals As a result hydraulic conductivity of the water trangport path partly
resore because the risng water column in embolised vessds may contact water in
adjacent xylem vessdls, which were not cut and embolised during harvest and Storage.
Modd cdculations showed that the proportion of the ar-filled vessd that initidly refills
with water largely depends on vessd diameter. Smal diameter vessds refill to a larger
percentage of their length than large diameter vessds. Dynamic smulations showed that
capillary rise is a rdative fast process The water column usudly resches its maxima
height within severd seconds. The time congant of the process mainly depends on vessdl
length and little on diameter. The second process involves ar remova by dissolution.
This process is much dower and may take hours to complete. Preliminary caculations
showed that dissolution is much fader in smdl diameer vessds than in large diameter
vesds Cdculations dso showed tha sometimes not dl ar embolisms completely
disappear from large diameter vessdls,

24. Measurements of the recovering from ar embolisms during the first period of
the vase life

To test the results of mode calculations measurements of R, were done on excised
gem ssgments of chrysanthemum cut flowers (Dendranthema x grandiflorum Tzeveev
cv. Cassad), which were cut a different heights from the roots. k is known that cut flower
shoots, hich are harvested close to the roots, show more water stress problems during vase
life than shoots, cut higher from the plant (Marousky, 1973), especidly after air entrance
(van Meeteren, 1989; van Meeteren and van Gelder, 1999).
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The use of sem segments indead of whole cut flowers dlows the use of a congtant
pressure gradient to induce water uptake ingead of an unknown fluctuating driving force
for water flow induced by trangpiration. R, was determined by measuring water flow
through the dem segment while gpplying a condant pressure gradient of approximatey
200 kPam™ (Fig. 2). The actud qoplled pressure and resulting flow rate were accurately
measured a a frequency of 1 s* and averaged over 30 s. Flow rate was corrected for
direct evaporation from the container with water on the balance and pressure was
corrected for the actud air pressure in the messurement environment. Measurements were
done a room temperature (+ 21°C). The solution was according to the specifications of
‘dandard vase water’ (van Meseteren et al., 1999).

Stem segments of gpproxi mately 20-cm length were harvested under water to
prevent ar entrance in the cut xylem vessals. The segments were connected to the system
and an initid measurement of hydraulic resstance was done. Afterwards, the stem
segments were lifted above the solution while remaining them under tenson to dlow ar
entrance for approximately three minutes. After that, flow mesasurements were resumed
by regpplying water to the basd cut surface the stem segments and the recovering pattern
of R, was measured during gpproximately 1.5 hours.

Figure 3 shows the representative water flow patterns measured on a low and high
cut stem segment. The presented results are normdized for the initid flow rate, which
was higher in the low cut slem ssgment then in the high cut sem segment. This difference
in initid flow rae (without ar embolisms) demondrates a lower R, in low then in high
cut stem segments. After air entrance, water uptake recovered to 20-30% of its initid
vaue within seconds. After this quick initid rise, water upteke showed a dowly
recovering pattern to a stable level, which varied between approximately 50-80% of its
initial rate without ar embolisms. The time span of the dow recovering process may
exceed 2 hours. Stem segments of cut flowers that show water stress problems during
vase-life (cut a 10-cm heght) recover less than stem segments of cut flowers, which
show no water stress problems during vase life (cut a 25 cm height).

Cryo-SEM images of chrysanthemum sem segments, which were dlowed to
recover from ar embolisms for savera minutes, show amogt no ar embolisms close to
the basal cut surface. However, after recutting at 2 cm above the basal cut surface (Nijsse
and van Addt, 2000), severd large diameter vessals were observed that were embolised
(Fig. 4). Images of the rates of water flow (lspatld resolved) through a cross section of a
chrysanthemum stem segment, obtained by "H-NMR-imaging technique (Scheenen et al.,
1999), show that the rates of water flow in regions with many xylem vessds decreases
after air entrance at the basa cut surface (Fig. 5).

3. Discusson and conclusons

More than a century of research on water transport in cut flowers has indicated
that in practice ar embolisms largdy influence the hydraulic conductance in the xylem,
epecidly at the gart of ther vase-life. Because cut flowers are harvested in ar, while the
xylem sysem usudly is under negdtive tenson, ar enters the cut xylem vessd-ends. The
resulting increese in hydraulic resstance (R,) largely obstructs water flow at the start of
the vase life. However, this can be reversed by removd of the ar embolisms from the
xylem vesss during vase life. It is wel known that not al species are sufficiently able to
remove these blockages (Van Doorn, 1997). Consequently, some species are able to
recover and restore a normal water status, and others not. They remain a high R, instead
and do not restore their water status but continuoudy lose weter resulting in premature
wilting. Differences are not only observed between species and cultivars but also between
individual stems of the same cultivar. Therefore, Reid and coworkers (1996) concluded
that it seems criticdly important to understand the dructurd, chemica, or physologicd
bass of these differences in restoraion behavior, because such information may be
important for breeders of cut flowers. Understanding of processes and plant properties

210that are important for early ar remova from the xylem sysem could be important
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to avoid conditions during the production and handling after harvest that increase
problems with the removal of air.

To gan understanding, physica processes related to the removad of ar embolisms
during the firg hours of vase life were modeled. Smulation results of this modd were
compared with measurements of hydraulic conductance recovering obtained from excised
chrysanthemum gsem segments. Dynamic caculations with the modd showed that the
process of hydraulic conductance recovery conssts of an initid fast component followed
by a dower second component, which may last hours. These fast and dow components
were dso observed in the measured hydraulic conductance recovery patterns of stem
segments (Fig. 3). Cryo-SEM images of ar emboligms in xylem vessds seem to confirm
the prediction of the modd that ar gethers in the large diameter vessels during the first
phase of the hydraulic conductance recovery process.

Modd caculaions adso predicted that the success of ar remova largely depends
on xylem anatomicad propertties. Measurements on excised stem ssgments of one
chrysanthemum cultivar, smilaly grown, but havested a different cutting heights
clearly showed different restoration petterns. The lower hydraulic conductance recovery
level of low harvested stem segments corrdates with the frequent occurrence of early leaf
wilting in low harvested chrysanthemum cut flowers (van Meeteren, 1989). It was found
that a lower initid hydraulic ressance of a fem segment before ar entrance usudly
correlates with a poorer recovery of hydraulic conductance after regpplying water. This
properly agrees with predictions of the modd!.

Acknowledgment.

This research is partly supported by the Technology Foundation STW, applied science
divison of NWO.

References

De Vries, 1873. Uber das welken abgeschnittener Sprosse. Arbeiten an der botanischen
-301.

Marousky, F.J, 1973. Recent advances in opening bud-cut chrysanthemum flowers
HortScience 8, 199-202.

Nijse, J, van Mesteren, U., Keijzer, C.J., 1999. Quantification of emboli by visuaization
of ar filled xylem vessdls. These proceedings.

Nijsse, J.,, Van Adst, A.C., 2000 Cryo-planing for cryo-SEM. Scanning, In press.

Rad, M.S,, Mokhtari, M., Lieth, JH., van Doorn, W.G., Evans, R.Y., 1996. Moddlling
the postharvest life of cut roses. Acta Hort. 424, 137-144.

Scheenen, T.W.J,, van Dusschoten, D., de Jager, P.A., van As, H. (1999) Fast dynamic
NMR microscopy: mode-free quantification of flow and diffuson, ISMRM Book of
Abstracts, Philadelphia, P2005.

Van Doorn, W.G., 1997. Water Relations of Cut Flowers. Hort. Rev. 18, 58-66.

Van Mesteren, U., 1989. Water relaions and early leaf wilting of cut chrysanthemums.
ActaHort. 261, 129-135.

Van Meseren, U., 1992. Role of ar embolism and low water temperature in water
balance of cut chrysanthemum flowers. Scientia Hortic. 51, 275-284.

Van Mesteren, U., Van Gdder, H., 1999. Effect of time snce harvest and handling
conditions on rehydration ability of cut chrysanthemum flowers. Posth. Biol. Techn.
16, 169-177.

Van Megteren, U., van Gelder, H. van leperen, W., 1999. Reconsderation of the use of
delonized water as vase water in postharvest experiments on cut flowers. Posth. Biol.
Techn. 17, 175-187.

Zimmermann, M.H., 1983. Xylem structure and the ascent of sgp. Springer, Berlin.

211
Proc. VII Int.Symp. on Postharvest
Physiology Ornamentals
Eds. T.A.& D.G.Clark
ActaHort. 543, ISHS 2001



Fgures

KT

status

Water Upta

Vase Water

fﬁ:si_g'rcn vl
Stamata
y leaf 1l .|{:|'-'u' .
= wilting 3 !

Transpiratio

e

PR

Water Content |

§ - low }@'lmria
—

1. Schematical representation of the water relations of a cut flower.
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3. Examples of water flow rate patterns, measured in sem segments of chrysanthemum
cut flower during recovering from ar embolisms. Stem segments were cut at 10 and 25
cm heght from the roots. In contrary to flowers harvested & 25 cm height, flowers
harvested a 10 cm height often showed early lesf wilting during vase life experiments.
Initid hydraulic resstances of stem segments harvested & 10 and 25 cm heght are
1.45 and 2.15 nmol.s 'kPa* respectively.
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4. Cryo-scanning-electron microscopy (Cryo-SEM) image from a transverse section of a
chrysanthemum stem segment located at 2 cm height above the basd cut surface. The
sample is frozen severd minutes after regpplying weater (the start of the recovering
process from ar embolisms). Only large diameter vessdls are air filled.
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5. 'H-NMR images of spatid resolved rates of water flow through a transverse section of
a chrysanthemum stem segment. Transverse section was located 2 cm above the basa
cut surface of the stlem segment, which was cut a 28 cm height from the roots.

a) measured before air entrance at the basd cut surface
b) measured three hours after air entrance and regpplying water a the basa cut surface
(the gart of the recovering process from air embolisms).
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