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A Humidity-induced Convective Throughflow Ventilation System Benefits
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A simple appurutus is described for generating pressurized throughflow ventilation in plant tissue culture vessels, No
pumps or gas-cylinders are required and the flow is driven by humidity-induced diffusion across microporous
membranes. In the experiments described, pressurized flows of sterile humidified air were supplied at rates of up to
I ml min™" and these had beneficial effects on leaf survival and production in Annona cuttings and on calloid form
in coconut. Ethylene (ethene) was removed more quickly from the pressure-flow ventilated culture vessels* (1,
0-4-07 h) than from those acrated by diffusion through conventional polypropylene membranes (154, 1'6-24 h).

In Annona cuttings leaf production was greatly increased and ethylene-induced leaf fall considerably delayed when
cultured with the forced us opposed to diffusion-based ventilation of the vessels.

With throughfiow ventilation. coconut calloid was more convoluted than under wholly diffusive aeration and had
a smooth distinct epidermal surface and clearly defined sub-epidermal meristematic nodules. It resembled freshly
initiated calloid from which regeneration of plantlets via somatic embryogenesis can be obtained. Under wholly
diffusive aeration, calloid developed a rough. relatively undifferentiated surface, more haustorial (i.e. cotyledonary)
in appearance, and characteristic of cultures where regeneratién potential has been lost.

It is suggested that other benefits of the pressurized throughflow ventilation may be the removal of volatiles such
as ethanol and acetaldzhyde. the removal of excess carbon digxide at night and its improved supply during the day,

and sustained oxygen concentrations at levels close 10 atmospheric both night and day.
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INTRODUCTION

Widespread concern has been expressed recently regarding
the adequacy of ihe ventilation achieved in some con-
ventional plant tissue-culture systems (Woltering, 1986;
Jackson et al., 1987: Adkins. 1992: Debergh et al., 1992;
Righetti and Facini, 1992: Rossetto. Dixon and Bunn,
1992). Current methods for ventilating callus, explants and
cuttings in vessels under sterile conditions often rely upon
the diffusion of gases through microporous membranes, or
gas-permeable films, at the mouth or in the wall of the vessel.
Alternatively. in sealed vessels. aeration may be dependent
upon photosynthetically generated oxygen. Culturing in
diffusive ventilation or in sealed vessels, although preventing
the contamination of the culture by air-borne bacteria or
fungal spores. can lead to the accumulation of acetaldehyde.
ethylene (ethene) and ethanol (Thomas, Des and Murashige,
1979; Righetti, Magnanini and Maccaferri. 1987; Righetti,
Magnanini and Infante. 1990), while concentrations of
carbon dioxide and oxygen may be lowered or raised from
their physiological optima (De Proft, Maene and Debergh,
1985). Some species are especially susceptible to ethylene
accumulation. For example. Jackson er a/. (1991) found that
Ficus [yrata and Solanum tuberosum cv. Red Craig's Royal
(potato) were adversely affected by poor aeration in tightly
sealed culture vessels. After 28 d. the leaf area of Ficus was
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reduced by more than 50 %, while shoot height in Solanum
was reduced by 64% after 14 d, and leaf expansion was
minimal. Jackson et al. (1991) concluded that accumulated
ethylene was responsible for these effects, since in both
species the use of an ethylene absorbent or antagonist in the
tightly sealed vessels led to normal growth, indistinguishable
from that in loosely sealed vessels where the endogenously
generated ethylene could escape easily.

The benefits of enhanced diffusive ventilation for Malus
domestica seedlings as well as potato explants were
emphasized in a subsequent paper (Jackson, Belcher and
Brain, 1994). Also, Rossetto er al. (1992) found that
improved diffusive aeration of tissue-cultured rare Aust-
ralian plants, including species of Conostylus, Diplolena,
Drummondita, Lechenaultia, and Sowerbaea, reduced vitri-
fication and significantly improved shoot quality and the
later establishment of plants in soil. Buddendorf-Joosten
and Woltering (1996) have reported on an improved
diffusion-based ventilating system for potato plantlets in
which the atmosphere surrounding the culture vessels was
constantly refreshed and humidity-controlled.

An alternative to diffusive ventilation is to use forced
ventilation of the culture vessels, and it is becoming
increasingly apparent that forced ventilation can have a
number of advantages over conventionally sealed systems
or those relying on gaseous diffusion (Kozai, Kitaya and
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Kubota., 1995): growth of cuttings, seedlings und callus can
all be improved. For example, Kozai, Kubota and Naka-
yama (1989) found higher photosynthetic rates and growth
of strawberrry plants in vitro with forced ventilation than
with conventional in vitro conditions, as did Yue, Gosselin
and Desjardins (1993) using Pelargonium cuttings. Adkins
(1992) found that rice callus benefitted from a forced
ventilation of the head-space of the tissue culture vessels and
attributed the improved performance to ethylene removal
and an improved oxygen regime. However, the systems used
to achieve forced ventilation are usually rather complex and
require compressed gases or electrically-driven pumps,
filtration systems, and often gas-mixing/metering devices to
maintain the flow balance to the culture vessels.

In this paper we describe an alternative non-mechanized
apparatus for achieving forced ventilation. The apparatus
delivers a sustained stream of sterile humidified air driven
by the process of humidity-induced diffusion. This process.
which depends only upon the maintenance of a water
- vapour gradient across a microporous membrane, is also a

major cause of pressurized gas-flows in a number of wetland
and aquatic macrophytes (Dacey, 1981; Armstrong and '
Armstrong, 1990; Armstrong et al., 1990; Brix, Sorrell und

: t

Orr, 1992).

We report on the effects of the pressurized ventilation on

the growth of explants of the ethylene-sensitive species
Annona squamosa L. (Lemos and Blake, 1994), and on the
growth and differentiation of the recalcitrant calloid of
coconut. In the case of Annona, the culture medium was
prepared either with or without an ethylene antagonist. The
system is compared with conventional diffusive ventilation
of tissue cultures using polypropylene membranes; also, the
rates of ethylene efflux from, and its accumulation within.
culture vessels ventilated in various ways are reported.

THE PRESSURE-FLOW VENTILATING
APPARATUS AND THE UNDERLYING
PRINCIPLES INVOLVED

Humidity-induced pressure flow (convective throughflow)
in the wetland plant Phragmites australis (Cav.) Trin. ex
Steud., is driven by a diffusion of oxygen and nitrogen
through the stomata of the leaf sheaths into the humid
atmosphere of the substomatal cavities (Armstrong and
Armstrong, 1990). Here, the constant humidification of the
internal atmosphere (up to 2-3% by volume) creates and
maintains water vapour levels, thus diluting the atmospheric
gases oxygen and nitrogen and producing a concentration
gradient for their inward diffusion from the drier outer air.
If stomatal resistance to inward diffusion is effectively less
than any Poiseuille resistance to backflow to the atmosphere.
the inwardly diffusing air will cause a pressurization within
the plant. If there was no other path for gases to escape. the
total pressure within the leaf sheath gas space at equilibrium
would be greater than atmospheric by an amount nu-
merically equal to the water vapour partial pressure beneath
the stomata. In plants such as Phragmites, however, there is
an alternative outflow path, and the tendency to pressurize
drives a convective flow (pressure-flow) of gases into the
underground parts and back to the atmosphere through old
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FiG. 1. Pressurized ventilating apparatus for continuous supply d
humidified sterile air to the head-space of tissue culture vessels; i
pressure-flow mechanism depends upon humidity-induced diffusion o}
atmospheric air into turret A through small-pored Nuclepore mem§
brane {pore diameters 0-03 ym). Venting is through the larger-pored
membrane (pore diameters 0-2 ym) on turret B. A water-filled syring}
permanently attached to the water-inflow pipe may be used fo
maintaining the water level in Turret A. In this example the gas-flof

into and from the culture vessel is via glass tubes.

dead flowering shoots—hence the term convective throughf-
flow.

It was envisaged that a simple ventilation system based o}
the principle of the humidity-induced convective throughf
flow found in Phragmites could be devised to provides
sterile flow of air to tissue culture vessels if two chambers
each bearing a microporous membrane, were combined. 4
smaller-pored. humidified inflow chamber would induce tkf
flow. while venting would take place via a dry outk
chamber. In the humidity-induced pressure-flow ventilating}
apparatus described here (Fig. 1). the pressurization an
sterile humidified gas-flow was created using microporoy
Nuclepore membranes (pore diameters 0.03 s thicknes
10 gm: membrane porosity approx. 10%) overlying, bu
not touching. a reservoir of water in a glass “inflow turre!
(turret A: internal diameter. 20 mm: length. 30 mm). A
glass “outflow tube” opening into the humidified head-spaef
of turret A. just below the membrane. directs the incomi
gases to the header space of the culture vessel. Venting t§
the atmosphere occurs through a second. *dry " turret (out
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turret B) capped by a lurger pored Nuclepore or Millipore
membrane (pore diameter. 0-2 ym: porosity and thickness
as for turret A). This pore size allows the gases to be vented
easily under the pressure differentials generated by the
inflow turret. and maintains the sterility of the apparatus. A
syringe containing sterile water for filling the turret and
adjusting the water level is connected to a side-arm on
turret A.

A patent for this type of apparatus (No. GB227505B-UK
Patents Office) has recently been granted (Armstrong and
Armstrong, 1996). Details of the functioning of Nuclepore
membranes for inducing pressurizations and gas-flows are
tobe found in Armistrong (1992). Armstrong and Armstrong
(1994) and Armstrong. Armstrong and Beckett (19964. h).

MATERIALS AND METHODS

Plants were grown in glass culture tubes, (length 75 mm. i.d.
23 mm, capacity 30 ml), fitted with either. (2) a conventional
diffusive ventilator consisting of a disc of polypropylene
film (thickness 25 um: oxygen transmission rate.
<I8x10*m*m*d'MPa ' Courtaulds Films. Bridge-
water, Somerset, UK), secured over the mouth of the tube
by a rubber band. or () the humidity-induced pressure-flow
ventilating system (Fig.1). The reservoir water level in the
pressure-flow assembly was raised initially to within 1-2 mm
of the membrane each day, but since the water level tended
to fall by 1-4 mm during 24 h, it was re-adjusted to the
original level at the beginning of each day. For throughflow

ventilation, the culture tube was fitted either with a *Suba-

seal’ cap penetrated by two hypodermic needles to serve as
outflow and inflow paths to and from the turrets. or with a
rubber bung and two glass tubes, the longer tube being for
the inflow. Each of these tubes was connected to a turret by
silicone rubber tubing of wall thickness 14 mm (Fig. 1).

Under the conditions of most of the experiments:
53-29°C and 40-60% relative humidity (RH), the venti-
lation rate for a throughflow system, starting with the water
dose to the membrane (1-2 mm below) at the beginning of
the day. ranged between 0-5 and 10 ml min~!. Thus, at the
fastest flow rate. the air could be "renewed " approximately
tvery 30 min in a2 30 m| culture tube.

Throughflow ventilation rates

Various procedures were used to characterize the func-
tioning of the assembled pressurized ventilating system.
Firstly, gas flows within the assembly were measured using
asoap film flow meter joined in series with the down-pipe
fom the inflow turret to the culture vessel. Flow measure-
ments were made with culture vessels (¢) empty, (b)
ontaining S ml agar. (¢) containing 5Sml agar together
vith a leafy cutting. and (d) with the culture vessel empty
ind the inflow turret A dry. Growth room conditions were
5°C and 17% RH, and there were four replicates per
reatment.

Secondly, flows were measured with and without an
mtflow turret and with the distance between the water
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surface and inflow membrane varied between 2 and 19 mm.
Growth room conditions were 215 °C and 36% RH, and
there were four replicates per treatment. Here the culture
vessels were empty.

Ventilating efficiencies—t, measurements using ethylene

The efficiency of ventilating systems can be compared by
measuring the time taken, (¢5,). for half of an injected
standard sample of a marker gas, e.g. ethylene, to escape
from the vessel (Jackson er al, 1991). The t,s were
measured with the culture vessels capped in various ways,
using: (a) ‘Suba-seal’ rubber puncture caps, (b) cling-film
PVC (thickness, 10 zm), (¢) conventional polypropylene
discs (thickness, 25 um), (d) the convective ventilation
apparatus with hypodermic needles, (e) the convective
ventilation apparatus with glass tubing, and (1) as for (e),
but with inflow turret A dry. Two sets of comparisons were
made, the first (set A) involved systems a-e, the second (set
B) involved only ¢, e and f.

For set A, the vessels were open ended tubes. similar in
size to the culture tubes, and were *capped" at the top as
described above and at the bottom with a ‘Suba-seal’
rubber puncture cap; gas samples were added or withdrawn
through this using a hypodermic syringe. At each addition

or removal of gas, an equal volume of chamber-gas or air
'was respectively removed or added to maintain a constant

; pressure in the assembly. Five of each type of assembly were

" used as replicates, and 0-21 ml volumes of 1% ethylene in
nitrogen were injected through the lower ‘Suba-seals’
sufficient to create an initital concentration of ethylene in
each assembly of 70 x117'. Ethylene concentrations were
then determined at regular intervals by removing 0-S ml
samples of gas from the assemblies and analysing by means
of gas chromatography (Vega 6000-GC, Carlo Erba
Strumentazione). Porapack (80-100 mesh) was used in a
stainless steel column (800 x 1-5 mm), and column, injector
and flame ionization detector temperatures were 80, 150 and
150 °C, respectively. Nitrogen was used as the carrier gas at
a rate of 50 ml min™'. The time taken (1,,) for the escape of
50 % of the ethylene was determined from plots of ethylene
concentration against time. Growth room conditions were
25°C and 40-60% RH, and the inflow membrane pore
diameters were 0-03 um.

For set B normal culture vessels were used, but each had
a side arm with a ‘Suba-seal’ for adding or removing gas
samples. Vessels were initially filled with 23 x1 1! ethylene
and 500 x4l samples were removed for analysis at various
time intervals depending upon the ventilation system being
tested. However, each vessel was sampled only once to
avoid artificially diluting the sample. To this end nine
vessels per treatment were used for each run, and the runs
were replicated four times. The ethylene samples were
analysed by GC (Pye Unicam, Model GCD) using Poropack
Q (60-80 mesh) in a glass column (2500 x 6:5 mm) at 100,
150 and 150 °C. The peak (which was removable by pre-
exposure of samples to permanganate) was identified by a
retention time of about 1'4 min and nitrogen was used as
carrier gas at a rate of 60 mlmin. The ventilating
assemblies were in a growth room at 27 °C and 25% RH.
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Growth of Annona explants with diffusive or convective
ventilation and with or without an ethylene antagonist

Annona nodal cuttings of 20 mm, from new fluxes of
mature plants previously grown in a glass house, were
transferred, one to each culture tube containing 8 m! of MS
(Murashige and Skoog, 1962) medium with 20 mg ™!
sucrose, 2mg ™! BAP, 3 g 1! Phytagel and pH corrected to
5-8 prior to autoclaving.

Replicates (four per treatment), were grown for 6 weeks
in a growth room with: (a) diffusive ventilation without an
ethylene antagonist, (») diffusive ventilation with the
ethylene antagonist, silver thiosulphate (Ag,S,0,,0.5mg I}
of culture medium, i.e. 3-06 umol Ag 1), (c) convective flow
ventilation without an ethylene antagonist, and (d) con-
vective flow ventilation with silver thiosulphate (0-5mg 1!
of culture medium). Growth room temperature was 25+
1°C, PAR approx. 100 gumol m-?s-!, day-length 12 h and
relative humidity 40-60%.

The numbers of leaves produced, and leaf abscission,
expressed as a percentage of leaves produced, were recorded
for each week of the experiment.

The choice of Ag,S,0, concentration was made after
testing plants over a range of concentrations (001, 0-05,0:1,
0-5, 1-0, 20, and 50 mg1-!). The optimum concentration
was 0-5mg1™*; below this there was some leaf abscission.
while above it there was an increasing inhibition of new leaf
production and growth.

Effects of various methods of ventilation on ethylene
accumulation in culture vessels containing Annona cuttings

Culture vessels (30 ml), each containing S ml of nutrient
medium as above, and an Annona cutting (f.wt. 357+
56 mg; leaf area 10-8+2:6 cm?) were capped with (q) a
silicone rubber bung, (b) conventional polypropylene film
or (c) the throughflow ventilation apparatus. Each vessel
had a side-arm and Suba-seal for removing gas samples as
described previously. Five replicates were prepared per
treatment and kept for 48 h at 23 °C, 80 pmolm s PAR
and 37% RH. Gas samples (500 ul) were removed at
intervals and analysed for ethylene concentrations as
described for set B.

The production of recalcitrant long-term coconut calloid
and application of diffusive or pressure-flow ventilation

When cultured on modified medium (Murashige and
Skoog. 1962) containing 0-25% activated charcoal and
I x 107! M 2,4-D, embryogenic coconut calloid derived from
rachillae of the cv. Malayan Dwarf may, on reduction of
auxin levels, form somatic embryos and plantlets (Branton
and Blake 19836, 1986). However, abnormal development
can occur; one of the most common forms being the
predominant development of spongy growth resembling the
haustorium (or cotyledon) which normally enlarges inside
the nut supplying the developing zygotic embryo (Fremond.
Ziller and de Nuce de Lamothe, 1966; Branton and Blake
1983a). Cultures developing haustorial growth may become
embryogenic once again by increasing the 2,4-D level to

4% 107 M for 1 or 2 months. Plantlets have been produced
from such recycled material (Blake and Wilson, 1990). Such
embryogenic calloid is smooth and shiny (Branton and
Blake. 1986). Often, however, a form of long-term calloid
develops which continues to divide. This can be subcultured
frequently, but is no ionger strictly embryogenic, i.e.
although a type of calloid continues to form, it can be
rougher than true calloid and no longer produces somatic
embryoids spontaneously. The use of the pressure-flow
ventilating system was tested on such long term coconut
calloid in an attempt to return it to embryogenic calloid
with embryo and plantlet formation.

Coconut calloid from cv. Malayan Dwarf (Blake and
Hornung. 1994) was first cultured on modified Murashige
and Skoog medium (Brackpool. Branton. and Blake. 1986)
but with BAP omitted and the addition of 2iP at [ x 10 .
2.4-D at 1 x 10-* M. and 0:3% Gelrite used as gelling agent,
Each calloid explant (volume approx. 1 ml) was then
transferred into a culture tube containing 22 mm depth of

rodified MS medium. and subjected either to conventional }

diffusive or throughflow ventilation as described previously.
Each treatment contained six replicates. Cultures were

transferred or subcultured to fresh medium once a month

and kept in the dark at 29 °C.

After 5 months. samples of the calloid from the two types
of treatment were wax-embedded. sectioned. stained with
haematoxylin and eosin. and examined by light microscopy.
Photomicrographs were obtained using an Olympus IMT-]
inverted microscope with camera attachment.

For wax embedding. the specimens were dehydrated
using an ethanol series and * Histo-clear" prior to embedding
in Fibrowax (Raymond A. Lamb formulation from
MERCK Ltd.. Poole, England BH15 1TD).

RESULTS AND DISCUSSION
Rates of throughfiow ventilation

As indicated earlier. ventilation rates are at a maximum

when the water surface is very close to the membrane of the :

inflow turret and decrease with time as the water level falis
due to evaporation (Fig. 2). This figure also shows that the

resistance imposed by the presence of the outflow membranc#

does not greatly reduce flows.

The results in Table | document the throughfiow f
ventilation rates in the assembly with the outflow membrane :
in position and show that flow rates are relatively unaffectedf
by the presence or absence of agar and a plant in the vessel E

However. as expected. no throughflow occurs when the
“inflow turret” is dry, and in this case ventilation is 1 8
diffusion via both membranes: this latter case. relative of
throughflow ventilation. is explored in the following section f

(set B).

Effects of different ventilation methods on the rates of
ethvlene escape from the culture ressel

The results presented in Table 2 indicate that convectiw 1
throughflow ventilation is the most effective method fufk




Armstrong et al.—A Humidity-induced Convective Ventilation System 35

removing ethylene from culture vessels. being more than
twice as efficient as the best diffusive method normally used
to cover the culture vessels, i.e. polypropylene discs. Cling
film was a relatively poor membrane in terms of the diffusive
loss of ethylene. while. as expected. the 'Suba-seal’ was
found to be highly impermeable: here the 7,, values were
more than 130 times larger than the convective flow system.
By using hypodermic needles for inflow and outflow tubes.
there is the danger of impeded gas flow from condensation
droplets forming within them. In the case of the ¢,
experiments. however. the hypodermic needles had no
significant effect on the 7, values obtained. In retrospect we
were concerned also that the silicone rubber tubing used as
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Fig. 2. Showing the effect of head-space depth (distance between
membrane and underlying water surface) in the inflow turret on
humidity-induced pressure flow ventilation rates: without outflow
wrret (O) and with outflow turret (@). Membrane pore diameters:
inflow turret, 0:03 #m: cutflow turret, 0-2 ym. Inside diameters of
turrets, 20 mm; ambient temperature 21-5 °C; RH. 36 %. Each point is
‘ the mean of four replicates; bars = +s.e.

TABLE 1. Ventilation rates through culture vessels. A, B, C:

water surface < 2 mm below inflow membrane. Membrane

pore diameters: inflow, 003 pm; outflow, 0-2 ym. Relative
humidity, 17%; T, 25 °C. Data as meansts.e. (n = 3)

Flow rates
Culture Vessels Inflow Turrent (nm®s™Y)
A empty humidified 17-03 +0-06
B +5mlculture humidified 17474022
medium "
C +S5mlculture humidified 1749+ 0-22
medium + plant :
D empty dry 0

TABLE 2. The influence of four methods of ‘capping ' plant

tissue culture vessels on the time taken (15,) for 50% of a

sumple of injected ethylene to be discharged from the system.

Culture vessel volumes 30 ml; initial ethylene concentration

approx. 70 pl 171, Relative humidity, 40-60% . T, 25 °C.
Data as means +s.e. (n = 4)

Method of capping 150 (h)

Suba-seal rubber puncture cap 5587495
Cling film (PVC) 1313+40
Polypropylene discs + rubber band 948+ 16
Convective flow apparatus 43429

(hypodermic needles as inflow and outflow tubes)
Convective flow apparatus 30+15
(glass inflow and outflow tubes)

Se+6
4e+6-—
3e+6;
=
g .
u -
."_g :—
I 2e+6 -
z : '
1e+6:- | |'
o I : .
L | | 50 = 205 min
0e+0.—1JilLljll 1110 IlllllllIvlllllvllllllllllklllll
0 100 200 300 400 500 600 700 800 900
Time (min)

Fi1G. 3. The influence of various ventilating systems on the time taken
(15,) for ethylene at a concentration of 23 117! in N, to be discharged
from a 30 ml culture vessel: (@) throughflow ventilation apparatus
(flow rate 1:0 ml min™"); (W) culture vessel capped with polypropylene
membrane; ( 4) throughflow ventilation apparatus functioning only
as a diffusive ventilating system (inflow and outflow turrets dry).
Membrane pore diameters: inflow turret, 0-03 #zm; outflow turret,
02 ym. Inside diameters of turrets, 20 mm; ambient temperature.
27°C; RH, 25%. Each point is the mean of four replicates; bars =
ts.e.

part of the inflow and outflow paths in the convective flow
assembly might have enhanced the rate of ethylene efflux
from the culture vessels, Later studies in which less
permeable PVC tubing was substituted for the silicone
rubber showed that the influence ‘of the silicone rubber on
the 1, value was not statistically significant.

In Fig. 3, (data for set B), the ¢, for the removal of
ethylene by throughflow ventilation was only 23 min
compared to 147 min for the polypropylene disc, and
295 min for the ventilation apparatus functioning diffu-
sively. The reason for the latter functioning less effectively
than the polypropylene was no doubt because the mem-
branes were remote from the vessel and the ethylene had to
negotiate the tubes and turrets before reaching the mem-



Armstrong et al.—A Humidity-induced Convective Ventilation System 37

3.0
L
25 T
L o0
320
g C
=}
'g b
%‘1.5:—
g L
8 [
210
2 f-
> L
5 L
<] L
0.5:‘
: — . ry
C - B L - = b
0.0 > ° c
!II!IILI"llA ol ; 8] i I
0 5 101590253035404550

Time (h)

FiG. 6. Effect of culture vessel ventilating type on ethylene accumulation
from Annona squamosa L. cuttings. Points show means of five
replicates +s.¢. Leal area of cuttings = 108 +2:6 cm?*: total fresh
weight = 357 + 56 mg; growth room temperature. 23°C: RH. 37%:
3 ml culture vessels were used with 5 ml of medium. (W) Sealed: (W)
polyproplene membrane: (@) throughflow ventilation.

the plants grown in throughflow ventilation. This would
accord with the effects of STS.

Ethylene accumulation in the polypropylene-capped
vessels (Fig. 6) occurred only after 3 h and we believe may
have been augmented by the development of condensation
on the underside of the membrane. In our experience this is
of common occurrence, and may be a major draw back of
such systems. In wider 60 ml vessels the delay in ethylene
accumulation was about 10 hours (data not shown) and
probably accords with a slower development of conden-

! sation.

F’

| Effects of diffusive or convective ventilation on coconut
- calloid

After 20 weeks, the long-term calloid in the convective
flow treatments produced a fine. more convoluted calloid,
compared to the rougher. more haustorial, type of growth
produced in diffusive ventilation. Histological sections
showed that the calloid which had received convective
L ventilation was composed of smaller cells than the calloid
subject to diffusive ventilation, and had a distinct epidermal
layer, giving it a smooth, shiny appearance. in certain
regions a distinct hypodermal epidermal layer was also
present. This calloid also produced a profusion of clearly-
defined  sub-epiderma! meristematic nodules. (Fig.
1A C, E). In contrast, the calloid which had received only
- diffusive ventilation was composed of larger cells, the
 epidermis was poorly detined, and there was no obvious
hypodermis: here. there were fewer and less discrete sub-
epidermal meristematic nodules, (Fig. 7B, D. F). Also, in

this callus, celis containing raphides were observed: these
were absent from the calloid which had received through-
flow ventilation. In both types of calloid, vascular elements
with helical and scalariform thickenings were present.

FINAL DISCUSSION

Using t,,s as indicators, the throughflow method of
ventilation at a relative humidity of 25 % has been shown to
be more than six times more efficient in facilitating the
removal of ethyiene from the culture vessels, compared to
the most efficient conventional diffusive method investi-
gated, i.e. via polypropylene discs (Fig.3). Even at a higher
RH of 60%, the throughflow ventilation was > 2-4 times
more efficient (Table 2). We have recent evidence (Zobayed,
1996) that this pressurized throughflow ventilation is
similarly more efficient in sustaining CO, levels well above
the compensation point during the day, and O, levels at
night within the culture vessels. In terms of reducing
ethylene accumulation, however, the throughflow ventil-
ation can be regarded as very much more efficient than the
polypropylene diffusive system (Fig. 6).

The results also indicate that, compared to ventilation via
polypropylene discs, convective throughflow ventilation
increased leaf production and leaf growth in Annona:
because of the increased leaf production the percentage leaf

- abscission was lower with the convective flow system. Also,

coconut calloid was found («) to contain more meristematic
cgmres in the presence of convective-flow ventilation, and
(h) to develop a more definite epidermal layer and a
smoother surface of the nodules. Thus, this long-term
calloid resembled newly formed calloid which is capable of
somatic embryo and plantlet formation. The convective
flow ventilation appeared to have assisted, at least partly, in
moving towards the aim of obtaining vegetative propagation
from ‘long-term’ coconut calloid.

We suggest that the beneficial effects on the Annona plants
were probably due to the more effective rentoval of ethylene
in the convective flow assemblies, especially since the plants
similarly responded to an ethylene antagonist. However, the
plants may also have benefitted from higher oxygen
concentrations at night and a higher CO, supply during the
day induced by throughflow ventilation. Similarly,” the
coconut calloid may have also benefitted from the removal
of ethylene and from increased oxygen concentrations’ and
the more efficient removal of CO,.

The throughflow ventilation system described here
appears to have the following advantages: («) it is a simple
system requiring no pumps, gas cylinders etc., (b) it prevents
the entry of contaminants such as bacteria and fungal
spores, (c) it will reduce CO, depletion in the light and its
accumulation in the dark, (d) it will ensure near-atmospheric
levels of O, throughout the day and night. (¢) it flushes the
system free from potentially toxic gases. e.g ethylene, and (e)
it can eliminate the need for the use of ethylene absorbents
or antagonists. With this type of system, CO,-enrichment
could easily be applied during the day for increasing
photosynthesis.

While Jackson er al. (1991) acknowledge that the problem
of ethylene accumulation can be lessened by the use of
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Number of leaves

Weeks in culture

F1G. 4. Leaf production of Annona squamosa cuttings: the effects of the

pressure-flow or the diffusive ventilating systems, with and without the

ethylene antagonist silver thiosulphate (STS): 0-5 mg 171, e

306 umol Ag 17!, in the culture medium. Means and standard errors of

four replicates per treatment. Convective' flow ventilation (O);

convective flow ventilation+STS (A); diffusive ventilation (0);
diffusive ventilation +STS ().

branes. Here the 1,, for the throughflow ventilation
compared to that with set A (Table 2) can be accounted for
by a narrower head space in the in-flow turret and the lower
RH of set B.

Effects on Annona of different ventilation methods, with or
without an ethvlene antagonist

After 6 weeks. explants grown in convective ventilation
without Ag,S,0, in the medium, had produced at least |5
times more leaves than those in any other treatment (Fig. 4).
and twice the number produced with diffusive ventilation
without Ag,S,0,. The leaves were larger with convective
ventilation than in the other treatments, (results not shown).

For plants grown in diffusive ventilation and lacking
Ag,S,0,. the number of dropped leaves was the greatest up
to week S, but at 6 weeks the number was similar to that of
the treatment with throughflow ventilation, (Fig. 5A).
However, in the former treatment, where there were few
leaves, almost all (98 %) had dropped, whereas in the latter
where leaves were more numerous because of a greater
production, only approx. 50% had dropped (Fig.5B).

In treatments with either convective or diffusive ven-
tilation with Ag,S,0, in the medium, the numbers of leaves
produced during the experimental period were similar. and
lower than those produced in convective ventilation without
Ag,S,0, (Fig.d). Also, the numbers of leaves abscinded
(Fig. 5A), and the percentages of abscissions in the two
former treatments. were lower than in the other two
treatments (Fig. SB). Toxic effects of Ag,S,0, have been
reported (Wang and Dunlap, 1990) and though smaller
percentages of abscission were found in both treatments

% total no. leaves.abscinded
@
S

8

A

[~}

Number of leaves abscinded
» -

v

-
o

[\
o

0 1 2 3 4 5 6 7
Weeks in culture

F1G. 5. Annona squamosa cuttings: the eifects of the pressure-flow of
diffusive ventilating systems. with and witiiout the ethylene antagonis ;
silver thiosulphate (STS) in the culture medium on (A) leaf fall. and (8)
per cent leaf abscission [(number of leaves abscinded/total number of f
leaves) « 100]. Diffusive ventilation ({5): diffusive ventilation +8T§
{7.): convective flow ventilution (O): convective flow ventilation + 8T
(A). Means and stundard errois of four repricates per treament. STSa kg

0Smgi ' ie 306 ,mol Agl .

with Ag,S,0,. it seems possible that a toxic effect of tha @
compound had influenced the number ot leaves produced
(Fig. 4).

Effects of various methods of ventilation on ethylene
accumulation in culture vessels containing Annona cuiting

As expected. ethylene accumulated to a far greater extent
in the sealed vessel compared to the ventilated ones, with
mean concentrations amounting to approx. 149 ul 17" in the
former after 48 h. whereas with polypropylene capping tht
value was > 0-2 711", and with throughflow ventilation i
was negligible (Fig. 6). Annona has been found to be very
sensitive to ethylene (Lemos and Blake. 1994), and it seems
possible that the accumulation of the gas in vessels capped
with polypropylene might have been sufticient to contribute
to the greater incidence of leaf abscission (Fig. 5) and the
smaller numbers of leaves produced (Fig. 4) compared %
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Fia. 7. Sections of wax-cmbedded. long-term coconut calloid of cv. Mulavan Dwarl which had been grown for 20 weeks in either a stenle
convective low ventilation system (A, C, E). or a conventional culture system relving on gis diffusion through polypropylene ilm (B, D, F). Detaik
as follows. A. Note the markedly convoluted shape, and profusion of discrete sub-epidermal merstematic nodules. B. Note the non-convoluted
shape and fewer and less discrete meristematic nodules. C. Note the distinct well differentiated epidermal and. in places. hypodermal layers. small
cells and discrete meristematic nodules. D, Note the larger cells. and less well defined epidermal layer. L. Showing similar features to (C). F

Showing similar features to (D).

larger culture vessels, the system described here makes
possible the use of smaller vessels. A further possible
advantage of the system is that the aerating gases are
humidified. and this should help to reduce losses of water
vapour from both plants and medium. Sallanon and Maziere
(1992). found that low vessel and growth room humidities.
by inducing high transpiration rates, produced large changes
in the growth and morphology of rose plants, with decreased
multiplication rates, short shoots and the cessation of the
growth of the upper axillary buds, These authors concluded
that the control of humidity during the multiplication phase
is us important as medium composition, light and tem-
perature parameters in the management of the plants. On

Armstrong et al.—A Humidity-induced Convective Ventilation Svstem

the other hand. Debergh ¢f af. (1992) found that the qualityf

of in virro cultured plants such as Rosa mudtiflora and
Gerbera jamesonii could be improved by lowering the
humidity of gases in the header space. compared to thal
developed in a closed container. They concluded thal
vitrification was correlated with too high a humidity in the
head space. As described here the humidity-induced pressur-
ized ventilating system results mn an RH of 88-94 % in the
culture vessel. However. using larger membranes it &
possible to create o range of controlled humidities in the
culture tube of from < 70 to
Armstrong and Zobayed. unpubl. res.).

A disadvantage of the humidity-induced pressure flov]

>90% RH (Armstrong|

[
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system. however. is the need to adjust daily the level of
water in turret A, to maintain a high flow. The use of a
constant head device connected to turret A could reduce the
frequency of these adjustments. Also. if desired. much larger
inflow and outflow chambers, with large Nuclepore filter
membranes could be employed to create more rapid
ventilation in culture vessels containing several plants. or to
supply fresh air to several small vessels in parallel. We have
recently developed a system combining the inflow and
outflow turrets in one unit. which sustains effective
humidification for the inflow of air for at least a week
without attention (Armstrong, Armstrong and Zobayed,
unpubl. res.).
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