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Abstract

Bassems, E. P. M. (1973) Nitrogen fixation in the phyllosphere of Gramineae. Agric. Res. Repts
( Versl. landbouwk. Onderz.) 786, ISBN 90 220 0422 8, (viii) + 68 p., 42 tbs, 22 figs, Eng. summary.
Algo: Doctoral thesis, Wageningen. ‘

The investigation was cartied out with Zea mays, grown under temperate conditions, and with
Tripsacumn laxum Nash, grown in the tropics. The conditions for nitrogen fixation were found to be
unfavourable in the leachate, obtained by spray irrigation of the acrial plant parts of both experimen-
tal plants, but were favourable in the water present between sheath and stem. The ability of the ghylio-
sphere micro-flora to fix nitrogen was proved gualitatively with the acetylene-reduction techmique.
The amount of nitrogen fixed by the micro-organisms in the phyllosphers of guatemala grass (260-
400 gfha per year) was estimated by exposing entire plants to 1*N in situ. The nitrogen-fixing micro-
organisms belonged mainly to the Enterobacteriaceae (genus Klebsiella).
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1 Introduction

The influence of permanent pastures on soil fertility in the tropics is still an unsolved
problem. Many experiments have been carried out to investigate the gains of nitrogen
in the absence of legumes in tropical soils, Based on literature review, Moore (1966)
stated that the nitrogen gains are the resuits of numerous micro-organisms fixing
small quantities of nitrogen. The International Biological Programme has stimulated
further investigations on the significance of nitrogen fixation. My part in this program
was concerned with nitrogen fixation by free-living micro-organisras on the leaf
surface of Zeq mays, grown under temperate conditions of Western Europe, and of
Tripsacwm laxum Nash, grown under tropical conditions. Zea mays is a well-known
fodder plant, and Tripsacum laxum Nash is a tropical grass, growing to 2 m or more
in height, but cut for fodder at a younger stage.

The term ‘phyllosphere’ was proposed for the environment provided by the wet'leaf
surface and enabling microbial development (Last, 1955; Ruinen, 1956). Ruinen
observed that, together with a considerable variety of other micro-organisms, species
of Beijerinckia and Azotobacter occurred on the surface of the leaves of a wide range
of trees and shrubs under humid tropical conditions. She suggested that these or-
ganisms might fix an appreciable amount of nitrogen, utilizing carbohydrates excreted
by the leaves, and that the vegetation might benefit by foliar uptake of this fixed
nitrogen. Based on the carbohydrate concentration of the liguid in the space between
the stem and the leaf sheath, she calculated that the grass sheath of Tripsacum laxum
Nash might be a site for nitrogen fixation (1971). Jones (1970) reported that a con-
siderable proportion of the annual requirement of nitrogen by Douglas Fir may be
provided by nitrogen-fixing bacteria on the leaves and in the soil.

In the following sections a survey of published work, pertinent to this study, will
be given. In the last section of this chapter the scope of the study will be defined in
more detail, |

1.1 Micro-flora of the phyllosphere of living plants

Although earlier workers (Beijerinck, 1888; Winkler, 1899) have isolated bacteria
from plant leaves, Burri (1903) first showed that a variety of plants support an abun-
dant leaf-surface micro-flora. Bacterial populations were observed to range from sever-
al millions to more than a hundred million per gram fresh leaf material. In 1904,
Diiggeli reported similar observations. Several workers (Huss, 1907; Gruber, 1909;
Lohnis, 1910; Wolff, 1913) recognized that the micro-flora on the aerial plant parts
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differed quantitatively from the micro-flora in the soil.

Phyllosphere populations as determined by several investigators show that great
variability exists in the phyllosphere population not only of different plant species but
also of individual species sampled at different dates or in different places (Allen, 1937;
Thomas & McQuillin, 1952; Kroulik, 1955; Di Menna, 1959; Leben, 1961; Ruinen,
1961). Wieringa (1955) found pectine-decomposing micro-organisms on the leaf sur-
face of several West-European plants. Mulder (1938) studied the micro-flora of the
chaffs of wheat plants and found a large number of Pseudomonas trifolii spp. Grainger
& Keddie (1963) isolated micro-organisms belonging to the Corynebacteriaceae from
several grasses. Gram-negative, yellow-pigmented bacteria appear to be highly chat-
acteristic in the phyllosphere. Yeasts are also common inhabitants of the grass leaves.
The yeasts dominant in the phyllosphere are not similar to those dominating in the
underlying soil (Di Menna, 1959). Other micro-organisms encountered in the phyllo-
sphere include the following: coliform bacteria (Allen et al., 1937; Graham & Hodg-
kess, 1967), lactic acid bacteria (Keddie, 1959), aerobic spore formers, micrococci,
Beijerinckia spp., Azotobacter spp., spirilla, actinomycetes, fungi, protozoa (Wolff,
1913; Ruinen, 1956, 1961; Last et al., 1965; Bhat et al., 1371). Perhaps the simplest
explanation of the existence of a micro-flora, adapted to the condition of the phyllo-
sphere, is that sugars and organic acids are prominent components of the leaf exudates
so that fast-growing, sugar-utilizing micro-organisms, including yeasts, are preferen-
tially encouraged (Clark & Paul, 1970).

1.2 Leaching of nutrients from plants

Leaching of plants is defined by Tukey & Tukey (1962) as the loss of organic and
inorganic metabolites from aerial plant parts by the leaching action of an agueous
solution, including rain, mist and dew. The term leaching as used by these authors
thus also includes the release (excretion) of compounds which accumulate on the leaf
surface, giving rise to the development of the phyllosphere. In this thesis the term
leaching is used only when the released compounds in aquecus solution run off the
leaves (leachate). The leaching phenomenon is well documented, beginning with de
Saussure in 1804 and Hales in 1927. Mes (1954), Long et al. {1956), Tukey et al. (1958)
showed with radioactive isotopes that labelled metabolites, which had been introduced
into plants, may be leached again and collected.

The leached substances include various materials (Morgan & Tukey, 1964). In-
organic nutrients leached include all the essential major and minor elements found in
the plant. In addition, large amounts of organic substances may be leached, including
sugars and pectic substances. All of the amino acids found in plants and many of the
organic acids have been detected in the leachates. Kozel & Tukey (1968) have shown
that growth-regulating compounds, such as the gibberellins, can be leached from the
plants as well as vitamins (Wasicky, 1958), alkaloids (Béde, 1958) and phenolic sub-
stances (Kozel & Tukey, 1968).




In spite of the large amounts of inorganic nutrients which can be leached (Wallace,
1930; Arens, 1934; Tamm, 1951; Dalbro, 1956), organic substances, principally
carbohydrates, account for the major quantity of leached materials. Dalbro (1956)
has calculated that losses of carbohydrates from apple trees may amount to 800 kg
per ha per year. Up to 6% of the dry weight may be leached each day from young

‘bean leaves, mainly in the form of carbohydrates (Tukey, 1958). No quantitative
estimates of losses of amino acids and organic acids have been reported. \

Tukey & Morgan (1964) compiled a list of plants from which substances have been
leached. This list includes a wide variety of representative species of trees, grhins,
grasses, tropical plants, in all 180 different plant species. Leaching is widespredd in
nature and in fact no plant has yet been studied which cannot be leached to some
degree. ;

1.3 Nitrogen fixation by free-living micro-organisms

Biological nitrogen fixation is a characteristic of certain micro-organisms, which
may be free-living or occur in symbiotic association with higher plants. Many workers
described heterotrophic micro-organisms that could fix N,. For example, Campbell,
et al. {1967) reported that 23 out of 150 isolates from sub-arctic soils fixed nitrogen.
Meiklejohn & Weir (1968) isolated 83 bacterial strains from Rhodesian soils and
concluded that about half of these could fix nitrogen. Line & Loutit (1971) made
several hundred aerobic and anaerobic isolations from some New Zealand tussock
grassland soils. Only 1 anaerobic and 5 facultatively anaerobic species were able to fix
nitrogen. The Russian workers Federov & Kalininskaya (1961) and Kalininskaya
(1967) have studied nitrogen-fixing mycobacteria. Some actinomycetes (Metcalfe &
Brown, 1957; Fiuczeck, 1959), yeasts (Metcalfe, 1954; Németh, 1959; Campbell et al,,
1967) and fungi (Brown & Metcalfe, 1954; Campbell et al., 1967) have been reported
to fix nitrogen. However, Hill & Postgate (1969) recently rechecked some of these
organisms and obtained negative results. So far, no conclusive evidence is available
about the fixation of elementary nitrogen by eucaryotic micro-organisms.

Heterotrophic nitrogen fixation depends on the availability of carbohydrates or
various other carbon compounds, including organic acids, alcohols etc. In general,
large quantities of carbon compounds are required for high rates of nitrogen fixation,
because nitrogen-fixing heterotrophs are inefficient users of carbon compounds. When
combined nitrogen is available, there is much competition between nitrogen-fixing
and non-nitrogen-fixing organisms. Approximate efficiency values in terms of mg
nitrogen fixed per gram carbohydrate consumed are: Azotobacter 1020, Clostridium
2-7, Klebsiella 5 and Bacillus 12. The amount of assimilable carbon compounds
available in most soils is insufficient to support high levels of nitrogen fixation.

Ruinen (1966, 1971) has drawn attention to Azotebacter and Beiferinckia strains,
occurring on the leaf surface of tropical trees and grasses. These organisms obtain
carbon and energy from the carbohydrates excreted by the leaves. Her findings are
supported by the work of Ddbereiner & Alvahydo (1959) who observed that washings
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of the shoots and leaves of sugar cane stimulate the growth of Bejjerinckia in soils, and
by the work of Vasantharajan & Bath (1968, 1971) who found that the phyllosphere
of mulberry, sandal and dolichos may support a heavy growth of Azotobacter.

The oxygen levels have a significant effect on the efficiency of nitrogen fixation by
aerobic micro-organisms. Parker (1954) found this efficiency of Azotobacter at a pO,
of 0.04 atm (where p is partial pressure) to be 3 times greater than at 0.2 atm. High
0, levels (Schmidt-Lorenz & Rippel-Baldes, 1957) and excessive aeration (Postgate,
1969) inhibit nitrogen fixation. Dalton & Postgate (1968, 1969) studied the influence
of oxygen on nitrogen fixation of Azorobacter and Mycobacterium flavum by using
the continuous-culture technique. They concluded that the high respiration rate of the
Azotobacteriaceae represents a physiological mechanism for protecting the nitrogen-
fixing site from damage by oxygen. This hypothesis was confirmed by the findings of
Yates (1970) and was supported by previous experiments with purified cell-free
extracts of free-living nitrogen fixers. These extracts fix nitrogen only under strict
anaerobic conditions (Carnahan et al., 1960). Oppenheim & Marcus (1970) and
Oppenheim et al. (1970) have shown that N,-grown Azotobacter possesses an exten-
gsive internal membrane network, which is not present in NH, *-grown cells and the
formation of which is repressed bij NH,*. This membranc protects an insoluble
nitrogenase from damage by oxygen.

There is much literature showing that combined nitrogen inhibits nitrogen fixation.
This inhibition has usually been attributed to the fact that nitrogen is reduced to
ammonia and that the presence of free ammonia inhibits nitrogenase activity. Some
workers reported that inhibition does not always occur and that the degree and the
type of inhibition depend on the level of supplied combined nitrogen. Strandberg &
Wilson (1968) showed that cell-free extracts of Azotobacter continue to fix nitrogen
normally in the presence of ammonium-nitrogen levels up to 40 mg per litre and that
concentrations of 150 mg per litre play a role in intact cells, not by inhibiting nitro-
genase activity but by repressing nitrogenase synthesis. This hypothesis was in fact
suggested by the work of Pengra & Wilson (1958), who noted a lag-phase of several
hours before cells, previously grown on combined nitrogen, resumed fixation on
transfer to a medium free from combined nitrogen. The data of Stewart et al. (1968)
on the alga Nostoc muscorum confirm the findings of Wilson’s group. All these results
suggest that the levels of combined nitrogen in most natural ecosystems are sufliciently
low to prevent inhibition of nitrogen fixation.

The presence of low levels of combined nitrogen in nature may actually be advan-
tageous to nitrogen-fixing leguminous plants by preventing the occurrence of extreme
nitrogen deficiency in a young growing stage. Such plants may be more vigorous and
may sometimes fix more elementary nitrogen than is achieved with N, as the sole
nitrogen source. This has been noted previously for nodulated non-legumes (Mc-
Connel & Bond, 1957; Stewart & Bond, 1961).




1.4 Scope of this stedy !

From the literature survey it follows that very little is known about nitrogen fixation
in the phyllosphere of Gramineae. Only a few reports indicate that it may occur, but
no data are available on the amount of nitrogen fixed. To study nitrogen fixation
quantitatively, first an attempt was made to localize those parts of the phyllosphere
where the conditions for nitrogen fixation are favourable.

The chemical composition of the excreted material was studied extensively because
of its suitability of serving as substrate in biological nitrogen fixation. Data on the
micro-flora of the phyllosphere were collected by isolating large numbers of njicro-
organisms which were tested for a number of characteristics, including nitrogen fix-
ation. .

The experiments were carried out with Zea mays under temperate conditions in the
Netherlands and with Tripsacum laxum Nash (guatemala grass) under humid tropical
conditions in Surinam,

To study nitrogen fixation in the phyllosphere under natural conditions, use was
made of the acetylene-reduction technique. Furthermore, experiments with *>N were
carried out in situ with guatemala grass.



2 Methods

2.1 Growth of plants

Growth of plants was measured by estimating height, number of leaves, leaf surface,
and contents of nitrogen, phosphorus (P,O;), potassium (K,0), and water-soluble
carbohydrates calculated on dry matter.

The leaf surface of Zea mays plants was estimated by spreading out the cut leaves
on photographic paper (Dalco-N.C.8.}, covering them with a glass plate, and ex-
posing them to light for 30 seconds. The prints were developed and the leaf surface
determined.

The leaf surface of guatemala grass plants was estimated by cutting all the green
leaves of one plant and measuring maximum lengith (f) and maximum breadth (b)
of each leaf. Leaf surface = 0.75 { x b (Stickler, 1961).

2.2 Bacteriological methods
2.2.1 Total viable counts

Plate counts were done on glucose yeast extract agar, soil extract azotobacter agar
and azotobacter agar. All plates were incubated at 30°C. The colonies on glucose
yeast extract agar were counted after 2 days and those on the other media after about
1 week. The countings were carried out in triplicate.

2.2.2 Hentification of micro-organisms

Slides were Gram-stained according to common procedure (Adamse, 1970).

Flagella were stained by Bailey’s method (1929). The slides were examined under a
Wild-M20-phase contrast microscope. Preparations were made of actively growing
cultures.

Generally, the method of Hugh & Leifson (1953) gave information on the oxidaiive
or fermentative metabolism of carbohydrates with relation to the identity of micro-
organisms.

Cultures grown in glucose-peptone solution were subjected to the Voges-Proskauer
and methyl-red tests after incubation for 3 days at 30°C to indicate the production of
acetylmethylcarbinol and of acid (O’Meara, 1931).

The oxidase test was carried out according to the method of Kovacs (1956).




2.2.3 Media

Glucose yeast extract agar: glucose, 10 g; yeast exiract, 7 g; agar, 12 g; tap water,
1000 ml.

Soil extract azotobacter agar: soil extract, 1000 mi (Chan, Katznelson, Rouatt,
1963); sucrose, 5 g; MgS0,.7H,0,0.2g; KH,PO,,0.2g; K,HPO,, 0.8 g; Fe50,. 7H20
0.04 g; CaCl,, 0.15 g; Na,Mo0,.2H,0, 0.005 g; agar, 12 g.

Azotobacter agar: glucose, 20 g; MgS0,.7H,0, 0.5 g; K,HPO,, 1 g; CaCO0,, 20 g:
agar, 12 g; tap water, 1000 ml.

Hugh & Leifson medium: glucose, 10 g; peptone, 2 g; K, HPO,, 0.3 g; NaCl, 5 g;
bromothymolblue, 0.03 g; agar, 3 g; tap water, 1000 ml; pH = 7.1.

Voges-Proskauer and methyl red medium: A) glucose, 5 g; peptone, 7 g; NaCl, 5 g;
tap water, 1000 ml. B) NaOH, 20 g; tap water, 100 ml. C) creatin, 1 g; tap water,
100 ml,

Kovacs reagent: ascorbic acid, 0.1 g; tetramethylparaphenylene diamine dihydro-
chloride, 1 g; tap water 100 ml,

2.3 Chemical methods
2.3.1 Analysis of the dry matter of the experimental plants

In the pot experiments, the plants were harvested at different times and, immediately
after harvesting, dried. To analyse for nitrogen, phosphorus and potassium, the dry
matter was digested with sulphuric acid, salicylic acid and perhydrol (Lindner &
Harly, 1942). In the digest, potassium was measured photometrically with an Eppen-
dorf flame-photometer (Schuknecht & Schinkel, 1963), phosphate as the blue phos-
phomolybdate complex (Murphy & Riley, 1962) while nitrogen was estimated by
steam distillation of the ammonia into 2 per cent boric-acid solution and titration
with potassium biiodate (van Schouwenburg & Wallinga, 1971). The water-soluble
carbohydrates of the dry matter of Zea mays were estimated according to the method
of van der Plank (1936).

The determinations of nitrogen, phosphorus and potassium were carried out at the
Laboratory of Soils and Pertilizers of the Agricultural University.

2.3.2 Analysis of the soluble fraction of maize plants

In some field experiments, carbohydrates and nitrogenous compounds of the sol-
uble fraction of maize plants were determined. Several plants were harvested, weighed
and cut into small pieces before the determinations (Bell, 1955).

Carbohydrate determination: Samples of 10 g of the cut fresh material were mixed
with about 200 ml ethanol for 5-7 min. The mixture was filtered and washed with
50-709%, ethanol. The filtrate was concentrated to approximately 100 ml by vacuumn
rota evaporation. Proteins were precipitated by adding 15 ml of a 209 trichloroacetic-
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acid solution. After 15 min, the liquid was filtered through celite powder. The filtrate
was desalted by ion exchange with the resins Amberlite IR-120H-AG and IR-450H-
AG and concentrated to 20 ml by vacuum rota evaporation. In 1 ml of the concentra-
ted sample the carbohydrates were determined colorimetrically by the anthron method
of Trevelyan & Harrison (1952). The reference standard glucose was run with every
series of samples.

Nitrogen determination: Samples of 10 g of finely cut fresh material were ground
and washed into 100 ml Erlenmeyer flasks, with about 50 ml water. The flasks were
then placed in boiling water for 15 min, cooled and supplied with 2.5 ml of 207
trichloroacetic-acid solution to separate proteins and soluble non-protein nitrogen.
The mixture was filtered and washed with 10 ml of a 1%, trichloroacetic-acid solution.
The filtrate was brought into 250 ml Kjeldahl flasks and digested with 2.5 ml sulphuric
acid and 2 ml digestion solution. The composition of the digestion solution was: 2 g
SeQ,, 1 g CuSO,, 500 g KHSO, and 1000 ml distilled water. The ammonia in the digest
was estimated by nesslerization according to Polly (1954). In each series a reference
standard of ammonium sulphate was run simultaneously.

2.3.3 Analysis of sheat and leaf water of the experimental plants

In most field experiments and in some pot experiments, samples of the sheath water
(the liquid occurring between the leaf sheath and the stem) and of the leaf water (the
liquid present on the surface of the leaves) of the experimental plants were collected
for the determination of the amount of carbohydrates and ninhydrin-positive com-
pounds,

The carbohydrates were determined colorimetrically with the anthron method of
Trevelyan & Harrison (1952) in samples of 1 ml of collected water.

The ninhydrin-positive compounds were determined in samples of 1 ml of the col-
lected water according to the prescription of Rosen (1957). Leucine was used as
reference standard.

2.4 Gas-chromatographical analysis
2.4.1 Measurement of the reduction of acetylene

The reduction of acetylene to ethylene was measured according to Stewart et al.
(1967) and Hardy et al. (1968). The produced ethylene was measured with a gas-
chromatograph (Unigraph-F, type 407, Becker, Delft, the Netherlands).

Specifications:
detector: flame ionization detector
column: Poropak R, 80-100 mesh, length 100 cm, I.D. 4 mm
carrier gas: commercial nitrogen (Loos and Co, Amsterdam)
gas flow: 40 ml/min.

One hundred pl of acetylene were injected per analysis. The time for one analysis



was 3 min. The ethylene content was calibrated with a standard gas. Under con#tant
conditions, the height of the peaks is linearly related to the concentration of C,I—I; and
C.H, (Hardy et al., 1968).

2,4.2 Measurement of hydrogen and nitrogen

The hydrogen and nitrogen contents of a gas mixture were measured with a Multi-
graph type 409 gas-chromatograph, Becker, Delft, the Netherlands.

Specifications:
detector: thermal conductivity detector.
column: Molecular sieve 13X (Becker, Delft, the Netherlands), 60-80 mesh A.D, 432,
length 200 cm, L.D. 4 mm. \
carrier gas: argon (Loos and Co, Amsterdam).
gas flow: 40 ml/min.
One hundred pl gas were injected per analysis.

2.5 Measurement of 15N fixation

Guatemala prass was exposed to elementary nitrogen enriched with !*N in. situ.
The enrichment of the isotope in several parts of the plant was determined with the
NaBrQO method of Faust (1967) and measured with the >N analyser, type Stratron
NO I4 (Isocommerz, DDR). The apparatus used for the preparation of the gas
samples was well described by Akkermans (1971).

The intensities of the emission bands at 298.3 nm and 297.7 nm were measured
corresponding to the 2—0 transition of the second positive system of 4 N-15N and
14N _14N, Based on the intensities of the bands, the enrichment of **N can be cal-
- culated. A calibration curve was made by measuring a series of standard samples,
which had been previously analysed with a mass spectrometer.



3 The relation between micro-flora and substrates released into the
phyllosphere of Zea mays grown under temperate conditions

3.1 Introduction

The purpose of the experiments described in this chapter was to study the composi-
tion of the substrates released into the phyllosphere, to count total numbers of micro-
organisms, and to identify the dominating micro-organisms of this environment. For
collecting the released substrates, use was made of spray irrigation on the aerial plant
parts. The experiments were carried out in pots and in the field with Zea mays.

3.2 Leaching experiments with Zea mays grown in pots
3.2.1 Weekly leaching of tops of maize (1967)

Pots of 10 litre were filled with soil and sown with Zea mays, each pot containing
3 plants. Nitrogen, as ammonium nitrate, was added in quantities of 0.75and 4.5 g N
per pot, corresponding with 50 and 300 kg N per hectare. All the experiments were
duplicated. The spray irrigation was applied when the plants were about 50 cm. Tap
water, after being filtered through a ‘Fulve’ filter to remove traces of iron, was used.
Two pots of each nitrogen level were sprayed once a week, between 8-9 am., by
placing the plants under a fixed spray-installation. During this treatment the soil in the
pots was covered with plastic; each pot was placed in a plastic reservoir of 1 m?,
which served for collecting the leachate. The amount of water sprayed represented a
shower of 6 mm, corresponding with an amount of leaching water of 6 1. The Jeachate
was used for the analyses of carbohydrates and nitrogen as shown in Fig. 1. After
the spray irrigation, the plants of the two pots were harvested and the height of the
plants, the number of leaves and the leaf surface estimated. In the dry plant material
nitrogen, phosphorus, potassium and water-soluble carbohydrates were estimated
(see Chapter 2).

Samples of the water in the space between stem and leaf sheath, the so-called ‘sheath
water’, were collected from all the leaves of all the plants before spray irrigation. In
1 mt of this sheath water total numbers of micro-organisms, after dilution, were coun-
ted on three different agars: glucose yeast extract (rich); soil extract azotobacter (poor
in nitrogen); azotobacter (without added nitrogen). From these 3 media about 15
strains were isolated and identified with Bergey’s Manual of Determinative Bacterio-
logy.
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Fig. 1. Scheme of the distribution of leachates for the carbohydrate and nitrogen analyses.

Leachate Distribution Reduction by vacuum Pipetting EBstimation
rota-evaporation
acidified digestion
|- 800m —— about25ml — total nitrogen
| mixture
| acidifled digestion
x> 6000ml |- 800ml ———s about25ml _— total nitrogen
| mixture
I 20mi 1ml
|- 2000 m] > > total carbohydrates

X is pot submitted to spray irrigation {each treatment included 2 pots).

Growth of Zea mays The growth was measured weekly. The maximum number of
leaves was reached at the same date at both nitrogen levels (Table 1). After this date,
the plants still grew, but there was no increase in leaf number as the oldest leaves died.
The leaf surface of the plants grown at the higher nitrogen level was approximately
159 larger than that of the low-nitrogen plants. When the panicle became visible, the
total leaf surface decreased, due to the dying-off of the oldest leaves.

Table 1. Average height of plants, number of leaves and size of the leaf surface of Zea mays, gnown
in pots at two different nitrogen levels (corresponding with 50 and 300 kg N per ha).

Date of 50 kg N/ha 300 kg N/ha

harvest :
height number  leaf surface height number  leaf surface
(cm) of leaves  (cm?/plant) {cm) of leaves (cm?/plant)

10/7 61 10 1241 48 B 1232

1777 63 11 1482 66 10 .

24{7 86 12 1675 72 11 1893

317 115 13 1799 920 13 2037

7/8 123 14 1961 125 14 2222
143 130 14 1837 130 14 2291
21/8 130 14 1852 135 14 2165

The results of the analyses of mineral components and water-soluble carbohydrates
in the dry matter are given in Fig. 2. It will be seen that plants dressed with the highest
amount of nitrogen were considerably higher in nitrogen and phosphate, but lower in
potassium and water-soluble carbohydrates. With increasing age, K and N contents
displayed a drop (particularly at the highest N dressing), P (at high N supply) and
carbohydrates remained at the same level, whereas % dry matter rose.
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Fig. 2. Analysis of the dry matter of Zea mays, grown in pots at two different nitrogen levels (corre-
sponding with 50 and 300 kg N/ha).

Carbohydrate and nitrogen contents in the leachates Leachate of plants grown with
the high nitrogen dressing contained more carbohydrates than that from low-N plants
(Table 2). This was mainly due to the larger leaf surface of the former plants (Table 1).
If the amounts of carbohydrates in the leachates are calculated per cm? leaf surface
no significant differences between plants with different N treatment are seen (Table 3).
With increasing age of the plants, the amount of carbohydrates leached per cm? leaf

Table 2. Carbohydrates and total nitrogen (mg/plant) in the leachates
of Zea mays, grown in pots at two different nitrogen levels (corres-
ponding with 50 and 300 kg N per ha) after a weekly spray itrigation
of 6 mm in 60 min.

Date of Carbohydrates Nitrogen
harvest
50 300 50 300

10/7 7.0 5.2 14 2.5
1717 4.2 . 19 .
24)7 6.3 7.8 14 1.8
37 6.8 8.6 0.9 2.5

7/8 6.2 6.8 0.9 1.7
14/8 6.6 94 0.9 1.5
21/8 5.4 74 0.9 1.1
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surface was maintained at the same level with the high-nitrogen plants, but was lower
with the low-nitrogen plants.

As total nitrogen in the leachate of 300-N plants was higher than that in the
leachate of 50-N plants (Table 2), the nitrogen in the leachate was correlated with the
nitrogen content of the dry matter. In contrast to carbohydrates, these differences did
not disappear when the amount of nitrogen was calculated per cm? leaf surface
{Tabie 3). ‘

The amount of nitrogen leached per cm? leaf surface decreased with ageing of the
plants, This reduction was strongest with plants well supplied with nitrogen. Since the
carbohydrate content of the leachate of these plants hardly decreased with ageing; the

Table 3, Carbohydrates and total nitrogen (ug) leached per cm? leaf
surface of Zea mays grown in pots at two different nitrogen levels
(corresponding with 50 and 300 kg N per ha) after a weekly spray irriga-
tion of 6 mm in 60 min.

Date of Carbohydrates Nitrogen
harvest
50 300 50 300

107 5.6 4.2 1.1 20
1717 28 . 1.3 .
24/7 4.1 4.1 0.8 1.0
31/7 38 42 0.5 1.2

7/8 32 31 0.5 0.8
14/8 36 4.1 0.5 0.7
21/8 2.9 34 0.5 0.5
€/N ratio

3

!
!
|
|
!
!
!
!
!

it s 8 D 3 B B ¥

Fig, 3. C/N value of the leachate of Zea mays, grown in

0
Wy 1y 2fy 3y g Wy g  pots at two different nitrogen levels (corresponding with
—evamr—s 300kg Nfha Date 50 and 300 kg Njha) after a spray irrigation of 6 mm in

S0kg Nfho 60 minutes,
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C/N value of the leachate increased with the age of the plants (see Fig. 3). The C/N
value of a medium may be an indication for biological nitrogen fixation. The highest
values of the C:N ratio were about 3. This value is far below the limit above which
nitrogen fixation may proceed in natural environments like the phyllosphere.

Assuming that the nitrogen as well as the carbohydrates of the leachate are assim-
ilable by the non-nitrogen-fixing micro-flora of the phyllosphere, ! mg of N, enabling
the synthesis of 10 mg cell material, will require 25—50 mg carbohydrates (containing
409 C). This would correspond with a C/N value of 1020 in the leachate. Carbohy-
drates in excess of this amount can only be assimilated by nitrogen-fixing bacteria,
Only when nitrogen compounds contain g certain amount of carbon or are less avail-
able than the carbon compounds, can nitrogen fixation occur at a lower C/N value.
The compounds containing nitrogen, released into the phyllosphere, undoubtedly
contained a certain amount of carbon, so that the C/N values calcuiated in this study
should be increased by a few units.

Micro-flora of the sheath water The numbers of bacteria, counted on the three agar
media used, are given in Table 4. In sheath water of both 300-N plants and 50-N
plants, the numbers of bacteria increased with ageing of the plants. The highest num-
bers of bacteria were counted in the sheath water of the plants grown at the rate of
300 kg N per ha. The large differences in bacterial numbers of sheath water, derived
from low and high-nitrogen plants, which occurred in the young plants, had more or
less disappeared during the period of maximum growth of the plants, but re-appeared
when the plants were ageing.

Although the numbers of micro-organisms grown on azotobacter agar were con-
siderably lower than those grown on glucose yeast extract agar, relatively large num-
bers were counted on the former agar medium. From a more detailed study of the

Table 4. Numbers! of micro-organisms (in millions) in 1 ml sheath water of Zea mays, grown in
pots at two different nitrogen levels (corresponding with 50 and 300 kg N per ha),

Counting N dressing Sampling date
mediem of maize

10/7 17/7 24/7 3177 /8 14/8 21/8

Glucose 50 0.001 0.008 11 52 150 180 1.4
yeast extract 300 10 . 24 100 130 1900 480
agar

Soil extract 50 0.003 0,02 14 . 8.6 820 1.2
azotobacter 300 10 . 9.8 12 i5 1600 100
agar

Azotobacter 50 0.001 0.004 9 20 0.8 72 2.6
agar 300 3 . 8 10 4,2 540 92

1. Averages of triplicate plate countings.
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Predominant micro-organisms in sheath water of Zea mays, grown in pots at two different nitrogen
levels (corresponding with 50 and 300 kg N/ha).

S0ky Nfha 300kg N/ho

w0, ——NE

AN

Fig. 4. Countings on glu-
100% cose yeast extract agar.

Fig. 5. Countings on soil

extract azotobacter agar.
s A= N
Gt === A
BB Achromobacteracese Pssudomonodacess
Corynebacteriaceas Baclllacene Fig. 6. Counti on azoto~
E Entergbacteriateans mﬂm Others bacter agar. _
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bacteria it was found that these organisms were unable to fix nitrogen but apparently
utilized the traces of nitrogenous compounds which were contained as impurities in
the azotobacter agar. The additional small amounts of nitrogen that came from the
added soil extract resulted in more colonies on soil extract azotobacter agar than on
azotobacter agar alone.

Details about the micro-flora of the phyllosphere are given in figs 4—6. In the phyllo-
sphere of young plants, bacteria belonging to the Pseudomonadaceae dominated. With
ageing of the plants, these bacteria decreased and the Corynebacteriaceae increased.
This shift was observable on all three media. Enterobacteriaceae were more frequent
in the sheath water of young plants, particularly low-N plants, where these bacteria
apparently were superseded by corynebacteria with ageing of the plants. Maize plants
dressed with the high amount of N maintained a much larger proportion of entero-
bacteria, almost until the end of the vegetation period. Bacteria belonging to the
Achromobacteraceae occurred in irregular numbers, slightly more frequently in plants
dressed with the highest amount of nitrogen. Bacilli and ‘others’, including agro-
bacteria, micrococci and yeasts, also occurred in irregular numbers.

3.2.2 Daily leaching of tops of maize (1968)

In a second pot experiment with Zea mays, the aerial parts of the plants were spray-
irrigated daily. Methods and material of this experiment were the same as those of the
previous experiment (3.2.1) except for the nitrogen dressing which corresponded with
an amount of 150 kg N per ha. In addition to the chemical analyses of the daily
leachates, numbers of micro-organisms in the sheath water of the sprayed plants were
counted once a week, samples being taken before spray irrigation. About 15 represen-
tative micro-organisms were isolated from the proper dilution of each counting agar
and identified according to Bergey’s Manua! of Determinative Bacteriology.

Carbohydrates and wnitrogen contents of the leachate The results of the chemical
analyses of the leachates show that carbohydrates and nitrogen were leached daily
from the tops of the maize plants (Figs 7—8). Thus under natural conditions & constant
supply of substrates to the phyllosphere organisms may occur. Younger plants lost
more carbohydrates and nitrogen per cm? leaf surface by leaching than older plants.
This result differs from those of the weekly spraying of the first experiment, as far as
it concerns the carbohydrate content of the high-N plants, but is in agreement with
the previous experiment in the case of total nitrogen. The C/N value in the leachate
was very low and must have been unfavourable to nitrogen fixation,

Micro-flora in the sheath water Although the numbers of micro-organisms counted
were much lower than those of the first experiment (3.2.1) probably because of the
daily spray irrigation, the general trend of the first experiment i.e. the rise in numbers
per ml sheath water with ageing of the plants, was more or less confirmed (Table 5).
This increase was particularly true of the numbers counted on a rich nutrient medium
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(glucose yeast extract agar). Similar to the first experiment, the lowest numbers were
counted on the azotobacter medium which was very low in available nitrogen. Al-
though growth on the latter medium might mean that the organisms fixed N, this
was not the case. In fact, neither Azotobacter nor any other nitrogen-fixing bacterium
was isolated from the phyllosphere of Zea mays in this experiment. In spite of the very
low content of combined nitrogen in the azotobacter medium, certain types of non-

Table 5. Numbers! of micro-organisms (in millions) in  ml sheath water of daily sprayed Zea mays,
grown in pots at a nitrogen dressing corresponding with 150 kg N per ha.

Counting medium Sampling date

5/ 12/7  19/7  26/7 2/8 9/8 16/8 23/8 30/8 6/9

Glucose yeast

extract agar 0.2 0.7 0.4 5 34 8 7 1.6 20 25
Soil extract

azotobacter agar 12 62 50 24 50 14 6 . 27 2
Azotobacter

agar 2 5 4 5 5 1 0.4 2 15 8

1. Averages of triplicate plate countings.

Predominant micro-organisms in the sheath water of Zea mays, grown in pots with a nitrogen dressing
corresponding to 150 kg N per ha.

150kg N/ha 150kg N[ ho 150kg N/ha

' B
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25/1
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Achromobacteraceae E Entericbacteriaceas ﬂ]mm] Others
Corynebacteriacean XYY Pseudomonocdaceas
Fig. 9. Countings on glucose Fig. 10. Countings on soil Fig. 11. Countings on azo-
yeast extract agar. extract azotobacter agar. tobacter agar.
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nitrogen-fixing bacteria did grow on this medium.

Addition of soil extract to the azotobacter medium gave a striking increase in the
numbers counted, presumably due to the introduction of traces of nitrogen.,

Although the same main groups of bacteria were found to occur as in the previous
experiment (3.2.1) i.e. organisms belonging to the Corynebacteriaceae, Pseudomona-
daceae, Enterobacteriaceae and Achromobacteraceae (Figs 9-11), the distribution of
these different types of organisms in the various periods of development of the maize
plants was not equal to that of the first experiment. The shift of pseudomonads to
coryneform bacteria, which was very clear in the first experiment, was hardly visible
in the present countings. Corynebacteria which were almost absent in the phyllosphere
of young plants in the preceding experiment (3.2.1), made up a very large part of the
first countingin the present test. A further difference was that the Enterobacteriaceae
were present in approximately equal proportions throughout the entire growing
period and not preferentially in the sheath water of young plants, as found iu the
preceding experiment 3.2.1. The deviation in the micro-flora in the 2 experiments may
have been due to differences in frequency of spraying orfand in weather conditions
during the two experimental years,

3.3 Leaching experiments with Zea mays grown under field conditions (1969)

. Maize was sown in the centre of plots of 1 m? laid down in two rows on a sandy $oil.
Each row consisted of 5 plots of which the central one was left vaplanted and served
as control (see Plate 1). The basal dressing of these plots consisted of superphosphate,
at the rate of 120 kg P, 05 per ha and K50, mixed with MgSOQ,, at the rate of 100kg
K,O per ha, Nitrogen was supplied as ammonium-nitrate limestone at the rate of 50
and 200 kg N per ha, The 30il of the plot was covered with a plastic foil to prevent the
leachate from flowing into the soil. The fixed spray installation used for the pot ex-
periment was also used in the field experiment.

The plants were simultaneously sprayed daily between 89 a.m. with an amount of
water corresponding with a shower of 6 mm and giving 12 1 of leachate per 2 duplicate
plots, of which 6 1 was collected in 10 litre flasks. In the leachate the total amounts of
carbohydrates and nitrogen were estimated (gee Fig. 1).

From the results of this experiment it will be seen that the amount of carbohydrates
in the daily leachates showed hardly any relationship with the age of the plants
(Fig. 12). The amounts of carbohydrates (calculated as averages per growing period)
in the daily collected leachate of plants, dressed with 50 and 200 kg N per ha, were'1.8
and 2.1 mgfplant respectively. ‘

The leaching of nitragenous compounds behaved similarly to that of carbohydrdtes
(Fig. 13). In the field experiment the amounts (calculated as averages per growing
period) of total nitrogen in the daily leachates of plants dressed with 50 and 200 kg N
per ha equalled 0.80 and 0.94 mg/plant, respectively.

From these data it can be derived that the C/N valuwe of the leachates of plazits
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Fig. 12. Carbohydrates in mg per plant (calcu-
lated as weekly averages) leached from Zea mays,
growing under field conditions at two different
nitrogen levels (corresponding to 50 and 200 kg N
per ha) after a daily spray irrigation of 6 mm in
60 minutes.

Fig. 13. Nitrogen in mg per plant (calculated as
weekly averages) leached from Zeq mays, growing
under field conditions at two different nitrogen
levels (corresponding to 50 and 200 kg N per ha)
after a daily spray irrigation of 6 mm in 60 minutes.

Fig. 14. C/N values (calculated as weekly averages)
of the leachates of Zea mays, grown under field
conditions at two different nitrogen levels (corre-
sponding to 50 and 200 kg N per ha) after a daily
spray irrigation of 6 mm in 60 minutes.




grown under field conditions are gimilar to those of plants grown in pots except that
the values of the last 3 leachings were considerably higher in the case of the pot-grown
plants. Nevertheless, the C: N ratios of the leachates of both types of plants were too
low to expect biological fixation of elementary nitrogen in the phyllosphere (Figs 14
and 3).

It may be assumed that the amounts of leached carbohydrates and nitrogénous
compounds are connected with the amounts of these compounds in the solublei frac-
tion of the plant. Therefore experiments were carried cut to compare the amounts of
carbohydrates and nitrogenous compounds released by the tops of maize plants with
those of the soluble fraction of these tops. In these experiments, sheath water was used
as the medium representative for compounds released by the aerial plant parts of
maize,

3.4 The carbohydrate and nitrogen contents of the soluble fraction and of sheath water
of maize plants grown mder temperate conditions

For these experiments, use was made of a series of experimental plots, laid down
on a light sandy soil in the garden of the Laboratory of Microbiology at Wageningen
about 50 years ago and since that time dressed in a different way with N, P and K
fertilizers or with farmyard manure (Table 6).

On each plot the maize was sown in one row of 9 groups of 4 plants each at distances
of 65 cm. For the analyses 2 representative plants of each plot were harvested. The
preparation of samples used for collecting the soluble fraction of the maize plants, and
the analyses of these samples were described in section 2.3.2. All the plants of an
experimental plot, of which two plants were analysed weekly, were used for collecting
sheath water twice a week. The nitrogen content of the sheath water was based on the
estimation of ninhydrin-positive compounds.

Table 6. Manuring of the plots used for growing Zea mays.

pH of soil Manuring rate (kg/ha)

Nt P,042 K.0?
53 150 100 150
5.3 150 0 150
53 150 100 o
55 . 4] 1] ]
55 0 100 150
55 farmyard manure about 25000 kg

1. N as ammonium-nitrate limestone.

2. P;0; as superphogphate, granulated,

3. K,O as potassium sulphate mixed with magnesium sulphate.
4. Compensated for Mg by adding MgSO, (50 kg MgO per ha).
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Table 7. Average height (cm) of Zeg mays grown with different dressings.

Date of Farmyard N.P.K. No No No No
harvest manyre manure nitrogen phosphorus  potassium
14/7 75 71 39 338 48 35
2147 100 80 51 50.5 51 47.5

4/8 120.5 136 75 92 105 §7.5

11/8 181.5 154 118 122 127.5 88.5
18/8 190 167.5 125 i30 143 102.5
25/8 195 168 125 140 145 112

1/9 195 174 125 139.5 147.5 112

8/9 195 174 125 140 147 113

Table 8. Weight of green leaves (g) per plant of Zea mays grown with different dressings.

Date of Farmyard N.P.K. No No No No
harvest manure manure nitrogen phosphorus  potassium
7 408 374 180 13.6 237 24.2
147 63.1 39.5 18.0 159 21.6 24.5
A7 103.4 75.8 34.7 35.1 432 33.0
28/7 124.3 1009 60.6 583 45.1 484
4/8 163.2 129.6 59.5 77.2 £7.3 97.1
11/8 214.0 144.1 65.0 85.0 87.5 845
18/8 166.2 130.7 715 89.5 76.1 32.0
25/8 144.0 112.0 76.0 80.0 86.5 770
1/9 140.2 109.0 71.5 74.0 78.7 75.0
8/9 110.5 88.7 64.0 66.5 72.0 67.0

Growth of plants  As will be seen from the data of tables 7 and 8, the best growth and
the highest yields of tops of the maize plants were obtained on the plots with farmyard
manure. Omission of either N, P or K. from the dressing badly affected the growth of
the plants.

Soluble fraction As shown in Table 9, the highest amounts of carbohydrates were
found in the plants without any dressing and in those without potassivm dressing,
This result is in accordance with observations made in other plants, e.g. potatoes, that
potassium deficiency raises the carbohydrate content of the plant tissue. The relatively
high carbohydrate content of the unfertilized plants in this experiment agrees with the
observation that potassium deficiency was the main deficiency symptom of these plants.
Fully dressed plants, either with farmyard manure or with a complete fertilizer treat-
ment, were only slightly lower in carbohydrate content of the seluble fraction during
the period of maximum development, but at the end of the growing period the differ-
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Table 9. Carbohydrates (mg per gram fresh material) in the soluble fraction of Zea mays, erWn on
plots with different dresgings.

Date of Farmyard N.P.K. No No No No .
harvest manure manure nitrogen phosphorus  potassium
mn 5.7 5.9 12.6 6.2 52 124
14/7 15.8 12.3 15.5 120 10.2 204
247 14.7 10.4 219 14.8 13.0 238
2817 14.1 10.1 16.0 12.6 11.9 18.6

4/8 13.6 11.6 15.1 11.8 11.6 18.0
11/8 170 16.1 17.8 12.6 11.6 16.1
18/8 16.6 162 16.5 12.2 1.1 18.1
25/8 10.8 8.5 8.1 9.9 9.1 16.0

i/9 10.4 9.6 11.5 8.9 8.4 15.1

9/9 9.5 8.0 6.3 8.6 80 14.8

Table 10. Nitrogen (mg per gram fresh material) in the soluble fraction of Zea mays, grown on
plots with different dressings.

Date of Farmyard N.PK No No No No .
harvest manure manure nitrogen phosphorus  potassium
K1 1.2 1.5 1.2 1.3 1.9 15
14/7 1.3 14 1.1 1.3 1.4 1.5
2117 1.1 1.0 09 09 1.1 14
2877 10 0.7 0.6 0.8 0.7 1.1
4/8 1.1 0.3 0.7 0.8 0.9 13
11/8 Pl 10 0.7 1.0 1.3 1.1
18/8 5 i4 . 14 . 1.3
25/8 14 1.9 1.6 1.3 1.5 14
1/9 1.6 1.7 13 i4 1.7 1.5
9/9 1.5 15 1.5 1,6 1.0 14

7

ences with the K-deficient plants were again larger. It is remarkable that plants with
nitrogen deficiency were not higher in carbohydrate content of the soluble fraction
than those fuily dressed. The same was true of plants without added phosphate.

From the data of Table 10 it follows that the nitrogen content of the scluble fragtion
was lowest in the plants growing without nitrogen or in those without any dressing,
whereas the highest value was obtained in the K-deficient plants during the first half
of the growing period.

The C/N value of the soluble fraction of tops of maize plants varied between 2 and
5 in both young (first 2 sampling dates) and old plants (fast 3 sampling dates). From
the 3rd to the 7th sampling date (i.e. during the period of maximal growth inteniity)
it varied between 4 and 11 (Table 11). The highest values were found in the unfertilized
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plants. In spite of their relatively high values of soluble carbohydrates, potassium-
deficient plants had no exceptionally high C:N ratios, because of their high content
of soluble nitrogenous compounds.

Table 11. C/N values of the soluble fractions of Zea mays, grown on plots with different dressings,

Date of Farmyard N.PK No No No No
harvest manure manure nitrogen phosphorus  potassium
717 1.9 1.6 4,2 2.0 1.1 33
14/7 49 35 56 37 3.0 54
2177 53 4.2 9.7 6.6 4.7 6.8
28/7 5.6 5.8 10.7 6.3 6.8 6.8
4/8 49 5.8 8.6 59 5.1 55
11/8 6.2 6.4 10.2 5.0 16 58
18/8 4.3 4.6 . 3.5 . 5.6
25/8 31 1.8 2.0 31 24 4.6
1/9 2.6 2.3 3.5 2.5 2.0 4.0
9/9 25 2.1 1.7 22 32 42

Table 12, Carbohydrates (ug/ml) in the sheath water of Zeg mays, grown on plots with different
dressings.

Date of Farmyard NJPK No No No No
sampling manure manure nitrogen phosphorus spotassium
M 82 ‘74.4 66.1 45.2 103.1 845
14,7 71.7 93.0 61.9 45.6 110.7 64.9
17/7 6.7 91.0 69,5 555 96.4 53.3
217 99.5 118.5 111.1 63.5 132.5 65.5
247 253.9 296.6 343.2 240.0 268.8 201.1
28/7 106.7 110.7 343.6 108.0 90.6 84.0
T 157.1 270.6 27117 260.2 183.2 103.2
4/8 88.9 733 101.1 112.1 135.0 87.7
7/8 397.0 113.8 109.1 93.2 143.3 81.1
11/8 69.4 488 40.0 59.3 82.8 519
14/8 56.0 89.1 539 40,3 593 86.2
18/8 24,7 36.7 67.2 36.5 46.4 66,9
21/8 42,1 53.3 56.6 51.3 449 51.9
25/8 19.3 27.6 36.6 409 39.4 69.3
28/8 7.1 140 18.3 17.3 15.5 222
1/9 24.7 58.5 35.0 539 129.5 66.2
4/9 52.0 89.5 58.2 67.0 79.0 1137
8/9 62.2 93.5 41.5 64.8 70.2 50.7
11/9 315 400 29.8 38.6 33.8 37.3
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Sheath water of Zeamays From Table 12 it appears that the sheath water of mai
plants was relatively rich in carbohydrates. Values between 300400 ug carbohydrates
per ml sheath water were no exception. Although the variation in carbohydrate con-
centration at different sampling dates was considerable, these data clearly show|that
the sheath water of young plants contained more carbohydrates than that of old plants,
The highest values were obtained from 21 July-7 August, i.c. during the period of
intense growth. As to the effect of different dressings, it can be stated that the highest
carbohydrate contents occurred in the sheath water of unfertilized plants. Potassium-
deficient plants which contained the highest amount of carbohydrates in the soluble
fraction of the plant tissue, belonged to the lowest as to carbohydrate content in the
sheath water. Phosphorus-deficient plants, however, which were low in carbohydrate
content of the soluble fraction, released considerable amounts of carbohydrates so
that relatively high values occurred in the sheath water, This different behavioyr of
K-deficient and P-deficient plants can be demonstrated more clearly when the ratio
of the average carbohydrate contents of the soluble fraction of both types of plants
(Table 9) is compared with the ratio of the carbohydrate contents of sheath water.
These values equalled 1.73 and 0.77, respectively.

Nitrogenous compounds, estimated as ninhydrin-positive compounds, with leycine
as standard, were very low in young plants and relatively high in old plants (Table 13)

i
Table 13. Ninhydrin-positive compounds? (ug/ml) in the sheath water of Zea mays, grown on/plois

Date of Farmyard N.PK No No No No “EL]
sampling manure manure nitrogen phosphorys  potassi
b
177 48 6.7 3.1 41 6.7 14.5 i
2177 12.3 6.3 10.5 6.3 17.7 139
24/7 10.7 11.5 6.2 65 12.2 63
28/7 132 16.6 13.3 153 15.0 2114 |
7 230 21.8 7.3 10.4 189 23,1 i
4/8 17.6 23.6 182 13.0 14,7 68
78 38.6 16.7 6.3 8.2 16.1 125 |
11/8 35.1 350 22.8 318 209 20.4
14/8 19.0 24.0 402 13.7 211 19.5
18/8 114 132 13.5 8.4 116 1227 !
21/8 9.0 i14 10.6 149 119 13
25/8 16,3 15.7 8.1 14.6 159 104
28/8 6.6 8.2 10.1 5.4 8.5 112
1/9 87.7 474 524 38.0 58.3 67.8 |
49 210 31.8 31.6 47.0 520 g5 |
39 30.0 38.8 33.2 204 67.4 347 |
11/9 451 50.9 49.5 525 483 48.7

1. For the estimation of these compounds, leucine, containing 10%; N, was used as the stqﬁa:d.
Consequently, total nitrogen is 109 of the values presented in this table.
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Growth of guatemala grass Plants dressed with the highest amount of nitrogen had
a larger total leaf surface, depending on increased number of leaves as well as on
larger leaves (Table 15). Yields of dry matter of tops were considerably higher; N and
P contents and even K contents were higher during the first half of the growing period
(Table 16). During the second half of the growing period, there was a tendency to-
wards lower contents of N, P and K in the tops of plants with the highest N dressing.

Table 15. Average height of plants, number of leaves and size of the leaf surface of Tripsacum laxum
Nash, grown in pots at two different nitrogen levels (corresponding with 50 and 200 kg N per ha).

Date of
harvest

mm
18/7
2517
1/8
8/8
22/82
29/8
5/9
12/9
18/9

50 kg N/ha 200 kg N/ha
height number  leaf surface height number  leaf surface
(cm) of leaves (cm?/plant) (cm) of leaves (cm?/plant)
75 34 9184 75 46 10612
90 48 12144 90 47 12517
90 43 12529 110 56 17728
105 41 17750 110 54 19257
110 43 18248 115 45 20862
112 46 19108 115 50 22024
118 48 19820 . . .
120 51 20666 130 33 22085
125 39 17695 . . .
130 37 15785 130 46 20383

1. Corresponding with 2nd week of Table 17.
2. Corresponding with 8th week of Table 17.

Table 16. Yield, dry matter, and N, PO, and K,O contents of the dry matter of Tripsacum laxum
Nash, grown in pots at two different nitrogen levels {corresponding with 50 and 200 kg N per ha).

Date of
harvest

1177
18/7
15/7
1/8
8/8
22/8
5/9
18/9

50 kg N/ha 200 kg N/ha
tops, N P205 K,O tops, N PzOs K;0
dry ) G Co dry Ca G G
matter matter
(& (@
5 2.5 1.2 74 85 2.6 1.3 7.4
92 2.0 i.2 6.5 111 2.6 14 7.2
112 1.6 1.0 55 175 21 1.1 6.7
217 1.5 i1 55 261 1.7 1.1 6.0
175 1.2 0.9 5.0 183 1.1 09 50
200 14 1.0 3.7 256 12 09 5.3
211 1.3 1.0 5.3 254 0.9 0.9 4.3
209 1.1 0.9 4.8 264 12 1.0 4.6
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Carbohydrate and nitrogen contenis of leachate and of sheath water The leachates
were collected from 2 pots each containing 1 plant, sprayed simultaneously; the
analyses of the leachates as recorded in the tables are averages of the separate values
of these 2 plants, The effect of the nitrogen dressing on the carbohydrate content of the
leachate was different from that on the carbohydrate content of the sheath water
(Table 17). Leachates from 200-N plants contained more carbohydrates than those
from 50-N plants as contrasted to sheath water that mostly contained more carbo-~
hydrates with the low N-dressing. A further difference between leachate and sheath
water is that, in general, the amount of carbohydrates leached per cm? of leaf surface
was highest in young plants, whereas the concentration of carbohydrates in the sheath
water was lowest in young plants. This result indicates that the components of the
sheath water are not or only partly released from the laminae, but mainly from. the
sheath and (or) the stem,

Nitrogen was estimated as total nitrogen in the leachate and as ninhydrin-positive
compounds, assumed to have an average N-content of 10 %, in the sheath water. Since
not all of the soluble N in sheath water occurred as e-amino nitrogen, the values of
total soluble N may have been slightly higher than those calculated from the ninhydrin-
positive comapounds. There was no much difference in nitrogen content of the sheath
water from plants with different nitrogen dressings, but the nitrogen content of the

Table 17. Carbohydrates, calculated as weekly averages, in the keachate (mg per plant and pg per cm?
of leaf surface) after spray irrigation of 6 mm in 60 min of Tripsacum laxum Nash, grown in pots at
two different nitrogen levels (corresponding with 5¢ and 200 kg N per ha) and in sheath water (ug/
ml*) of these plants sampled before spraying.

Week 50 kg N/ha 200 kg N/ha
leachate sheath leachate sheath
water water
(mg/plant) (pg/om? (ug/mi) (mg/plant) (pgfom® (pg/mD)
leaf surface) leaf surface)
1 114 . 867 42 . 575
2 7.8 0.9 1330 9.0 0.9 992
3 72 0.6 4275 10.8 0.9 340
4 42 0.4 336 9.6 0.5 24
5 4.8 0.3 1475 12,0 0.6 1231
6 24.6 1.3 1480 15,6 0.7 1517
"7 13.8 . 1131 18,0 . 1213
8 6.6 0.3 1087 12.6 0.6 1220
9 60 0.3 802 120 . 774
10 84 04 1576 114 0.5 1077
il 738 04 1862 204 . 2215
12 84 0.5 1412 13.2 0.6 1340

1. The amount of sheath water in guatemala grass varied from approximately 0.1-1.0 mi per leaf,
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Table 18, Total nitrogen, calculated as weekly averages, in the leachate (mg per plant and g per cm?
Ieaf surface) after spray irrigation of 6 mm in 60 minutes of Tripsacum laxum Nash, grown in pots at
two different nitrogen levels (corresponding with 50 and 200 kg N per ba) and ninhydrin-positive
compounds in the sheath water (pg/ml) of these plants, sampled before spraying.

Week 50 kg Nfha 200 kg N/ha
leachate sheath leachate sheath
water water
mgfplant  pgfcm?® pg/mlt mg/plant  pgfem?® pg/mlt
leaf surface leaf surface
1 1.08 . 12.5 1.68 . 9.6
2 0.54 0.06 237 1.08 0.11 14.3
3 0.48 0.04 7.5 0.90 0.07 104
4 0.%0 0.07 51 2.40 0.14 54
5 1.08 0.06 230 3.00 0.16 221
6 0.78 0.04 284 1.50 0.07 25,7
7 1.02 . 17.4 1.08 . 25.7
3 0.60 0.03 10.5 1.20 0.05 15.6
9 048 0.02 28.8 1.26 . 17.4
10 0.54 0.03 121 1.02 0.05 19.7
11 0.84 0.05 460 1.08 . 51.2
12 1.26 0.08 11.6 132 0.07 9.8

1. Total N is 109 of n.p.c. values (cf. Table 13).

Table 19. C/N values, calculated as weekly averages, in the leachate after spray irrigation of 6 mmin
60 min of Tripsacum laxum Nash, grown in pots at two different nitrogen levels (corresponding with
50 and 200 kg N per ha) and in the sheath water of these plants, sampled before spraying.

Week 50 kg N/ha 200 kg N/ha
leachate sheath water Ieachate sheath water
1 4.2 217 10 240
2 58 224 3.4 277
3 6.0 228 4.8 131
4 1.9 263 1.6 240
5 1.8 257 1.6 223
6 12.6 208 4.1 236
7 54 260 6.6 189
8 44 414 42 313
9 5.0 111 38 178
10 6.2 521 4.5 219
11 3.7 162 7.5 173
12 2.7 487 4.0 547




leachates clearly responded to the different N-supply (Table 18).

An enormous difference was found to exist between the C/N value of the shmth
water and that of leachates, confirming the observations made earlier on the diffe
origin of the components of both types of liquid (Table 19). The very high C/N VI::S
of the sheath water which occurred throughout the growing period of guatemala grass
were thought to enable nitrogen fixation in the sheath water of both high and low-
nitrogen plants during the entire growing period (ses Chapter 6). |

Micro-flora in the sheath water The numbers of micro-organisms, counted in' the
sheath water of guatemala grass, grown under tropical conditions (Table 20), were
considerably larger than those counted in the sheath water of maize, grown under
temperate conditions (Table 4). In the former case these numbers were in the order of
10°~10% and, in some cases, even 10'° per ml sheath water, whereas in the sheath
water of the maize plants they were much lower: about 107 per ml. In both cases these
numbers increased with age, attaining maximum values at the beginning of August.
The highest numbers of micro-organisms were counted on azotobacter agar supple-
mented with soil extract. This may indicate that the phyllosphere organisms occurting
inside the sheath of guatemala grass are adapted to very iow concentrations of com-
bined nitrogen or are able to fix elementary nitrogen.

Details on the different groups of micro-organisms are given in Figs 15, 16 and 17.
It will be seen that the Achromobacteraceae were the predominating type of organism,
followed by the coryneform bacteria. Pseudomonads occurred only sporadically. This
result is in contrast with that of sheath water of maize plants grown under tempetate
conditions where the pseudomonads belonged to the predominating bacteria, parti-
cularly in the earlier stages of development of the plants. Achromobacters occugred
only sporadically in the sheath water of maize, but corynebacteria were found in large
numbers in the phyllosphere of both guatemala grass and maize. Enterobacteriaceae
were counted in rather large numbers in the sheath water of low-N plants, streaked on
glucose yeast extract agar. Bacilli (particularly B, polymyxa) were found in consider-

Table 20. Numbers of micro-organisms (in millions} in 1 nﬂsheathwata‘offh}:mmiaxbnNasb,
grown in pots at two different nitrogen levels (corresponding with 50 and 200 kg N per ha).

Counting medium N dressing .Sampling date

of plants j
11/7 18/7 25/7 1/8 8/8 158 29/8 12f9
Glucose 50 120 150 150 800 1200 355 2250 21
yeast extract agar 200 285 200 300 510 1700 925 750 11
Soil extract 50 55 1100 4600 5000 5000 9000 230 650
azotobacter agar 200 19 350 4000 10000 10000 6500 4000 300
Azotobacter 50 37 50 100 250 500 1300 700 950
agar 200 200 400 300 1300 3500 2500 2050 4500
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Predominant micro-organisms in sheath water of guatemala grass, grown in pots at two different

nitrogen levels.
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|
ably larger numbers than in the case of maize. In addition to the above-mentioned
groups of bacteria, small numbers of Rhizobiaceae, Micrococcaceae, yeasts and fungi
were found. These organisms are designated as “others’ in Figs 15-17,

The pot experiment with guatemala grass was repeated under similar weather dk
ditions. The results obtained confirmed those of the first pot experiment. This
cerns the carbohydrate and nitrogen analyses of the leachates as well as the num :
of micro-organisms and the composition of the micro-flora of the sheath water, | .

i31mchhgexpahnentsmthgmtemalamgmwnmduﬂeldwndiﬂomh'tﬁe
tropics ’

field experiment with guatemala grass. In the centire of each 8 plots a slip of this
was planted. All the plots received a basal dressing of superphosphate (120 kg P,0;

ha) and potassium sulphate (100 kg K,O/ha). Nitrogen was suppliedasammo:?:::
yed

The method used in the field experiment with Zeg mays was also employed i | the
% /

nitrate limestone in amounts of 50 and 200 kg N per ha. The plants were sp:
simultaneously, 3 times a week, between 7-8 a.m., with an amount of water co
ponding with a shower of 6 mrm. Six litre of the leachate was collected in 10 litre flasks.
In the leachate the total amounts of carbohydrates and nitrogen were estimated ac-
cording to Fig. 1. :
Micro-organisms were counted in sheath water collected weekly before the sp
started, using 3 different media (cf. 4.2). After counting, about 15 micro-organi
were isolated from each medium and identified according to Bergey’s Manu of
Determinative Bacteriology. ‘

Carbohydrate and nitrogen contents of the leachate After spraying for 1 hour} the
amount of carbohydrates leached from the guatemala grass, grown under field con-
ditions (Table 21), was lower than that leached from the plants in the corresponding
pot experiment (Tzble 17). In the field experiment the nitrogen dressings of 50 and
200 kg N per ha corresponded with average leachings of 4.6 and 2.5 mg carbohydrates
per plant, respectively, whereas in the pot experiment these values were 9.2 ancﬂ 124
mg, respectively.

Similar to the carbohydrates, lower amounts of nitrogen were released in M field
experiment (average values 0,63 and 0.54 mg/plant) than in the pot experiment [(ave-
rage values 0.80 and 1.46 mg/plant, respectively, of plants dressed with low andrhigh
amounts of nitrogen).

The C/N values of the leachates (Table 21) in the field experiment were lower, than
those in the pot experiment. This difference was mainly due to the lower re] of
carbohydrates in the field experiment. The highest C/N values were found in the
leachates of the low-N plants, confirming the findings in the pot experiment. |

Micro-flora in the sheath water The total numbers of micro-organisms in the sheath
water were comparable to those of the pot experiment (Table 22). Similar to the pot
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Table 25, C/N values {calculated as weckly averages) of leaf water and of sheath water of guatemala
grass, grown in the field at three different nitrogen levels.

Week Leaf water Sheath water
kg Nfha added kg N/ha added
0 100 200 0 100 200

1 6.5 8.0 229 124.0 99.7 115.2

2 10.4 52 159 187.8 1124 - 1187

3 2.5 57 53 100.7 54,8 734

4 51 37 6.4 59.8 357 91.8

5 8.2 39 164 124.6 769 104.7

6 71 4.0 4.8 1571 68.6 65.1

7 8.9 6.8 1L5 208.9 21.3 147.8

8 360 15.6 4.7 3215 336.9 277.4

9 59 10.7 1.9 2947 204.3 63.7
10 11,5 129 9.5 3234 2918 1689
11 305.8 168.5 95.5
12 252.2 261.7 68.5
13 . . . 204.3 1174 27.3
14 41 37 2.1 157.5 100.0 193.0
15 5.5 3.0 6.1 2250 164.8 80.8
16 8.0 2.7 32 7.4 2128 120.0
17 266.6 69.5 138.3
18 233.1 64.8 17.5
19 . . . 657.1 555 110.5
20 6.0 4.9 62 502.8 1259 57.7
21 4.1 4.2 4.5 125.0 121.7 103.7
22 3.1 1.9 5.6 554 107.3 72.1

tion, enormous differences occurred between both types of liquid (Table 25). Owing
to the high carbohydrate contents and the low n.p.c. contents, very high values oc-
curred in sheath water. Since the n.p.c. values of sheath water were lower with ageing
of the plants and higher with improved nitrogen supply, maximum C/N valtues were
found in the second part of the experimental period of plants without added nitrogen,

As leaf water had much lower values of carbohydrate content and higher n.p.c.
contents than sheath water, the C/N values were low. Although these values varied to
a rather high degree, the variation was independent of age and nitrogen supply of the
plants.

To see whether the high C/N value of the sheath water of guatemala grass also oc-
curred in other Gramineae, growing in the field under tropical conditions, the carbo-
hydrate and n.p.c. contents of the sheath water of Zea mays, Sorghum bicolor and
Echinochloa polystachya were estimated daily as for guatemala grass and weekly
averages of the C/N values caleulated, These values were also high, particularly those

38




Table 26. C/N values as weekly averages of sheath water of Zea mays,
Sorghum bicolor and Echinochica polystachya.

Week Zeq mays Sorghum Echinochloa
bicolor polystachya
1 654 38 12
2 198 30 26
3 36 84 30
4 180 500 28
5 230 640 52
6 50 226 48
7 40 180 96
8 48 146 138
9 204 86 56
10 212 68 56
11 390 126 86
12 158 88 28
13 n 142 42
14 112 190

30

of Zea mays and Sorghum bicolor (Table 26).

The carbohydrate analyses of the sheath water of guatemala grass, recorded in
Table 23, have clearly shown that the carbohydrate contents were highest in the young-
est plants, and gradually decreased during the second half of the experimental period.
Since only the total amount of sheath water collected from all the plants was analysed,
a more detailed experiment was carried out in which the sheath liguid of each leaf of
one plant was collected and analysed separately. For this purpose single plants were
harvested on different sampling dates.

From Table 27 it can be seen that the carbohydrate contents of sheath water of
different leaves of one plant fluctuated considerably. The highest concentrations were
found in the sheath water of young unexpanded leaves.

From the results obtained in this chapter it may be concluded that the sheath water
of tropical grasses would be an excellent medium for the growth of nitrogen-fixing
bacteria. Its carbohydrate content is high, whereas its nitrogen content is low, resulting
in a high C/N value. Leaf water offers nmuch less favourable conditons for the growth
of such bacteria, because of its much lower carbohydrate content and its higher
nitrogen content, resulting in low C/N values. A further reason for the leaf surface
being a less favourable habitat for nitrogen-fixing bacteria than the leaf sheath is that
leaf water was present on the leaf surface only during part of the night and a few hours
in the morning. For most of the day the leaf surface was dry, with temperatures in the
experimental field approximately 50°C between 11 a.m. and 16 p.m. Light may also
adversely affect the growth of micro-organisms on leaf surfaces.

From the widely diverging composition of sheath water and leaf water it is con-
cluded that both types of liquid have not the same origin, viz. the leaf surface, but are
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derived from different sources (cf. section 4.2).

As 10® bacteria are normally present in sheath water and they undoubtedly consume
the carbohydrates present, it is very uniikely that sheath water has to be considered as
excess leaf water coming down to the leaf sheath when an excessive production of dew
takes place. It is more probable that the sheath of gnatemala grags, like that of other
Gramineae tested, has its own source of carbohydrates and amino compounds, differ-
ent from that of the leaf surface. This source apparently replenishes the carbohydrates
and amino compounds of the sheath water when these nutrients have been utilized by
the micro-organisms.

4,5 Origin of the carbohydrates in the sheath water of guatemala grass

To demonstrate that the carbohydrates (and other compounds of the sheath water)
are released by the stem and/or leaf sheath and are not derived from excessive dew
formed on the leaf blades, experiments were carried out in which most of the sheath
water was washed out and the subsequent recovery of the carbohydrate and amino
acid content was measured.

To remove the constituents of the sheath water, a litre of sterile water was introduced
twice into a particular leaf sheath, with a giphon. In this way most of the carbohy-
drates and other constituents were leached out. Samples of the sheath water were
taker immediately before the first washing with 1 [ water, 15 minutes thereafter,
immediately before the second washing with 1 1 water and 15, 45, 105, 165 and 225
minutes, respectively, after the second washing. The samples were analysed for carbo-
hydrates and ninhydrin-positive compounds.

In a subsequent experiment the leaf blade of one leaf was detached to investigate
whether the remaining leaf sheath and/or stem were able to release carbohydrates into
the sheath water. The first sample was taken immediately before the lamina was de-
tached, the second sample 45 minutes after cutting. Immediately hereafter the sheath
water was leached out by introducing twice 1 litre of sterile water with an interval of
15 minutes. Samples of the sheath water were taken as indicated in Table 30 and ana-
lysed for carbohydrates and ninhydrin-positive compounds.

The introduction of sterile water into the sheath water of entire plants drastically
reduced the carbohydrate concentration (Table 28). However, a ready recovery oc-
curred so that the original concentration was obtained 45 minutes after the second
washing. This rise continued in subsequent samples so that a few hours after the
leaching much higher values were found than those originally present. This ready
restoration of the high carbohydrate concentration clearly shows that the leaf sheath
and/or stem are responsible for the release of carbohydrates.

The concentration of ninhydrin-positive compounds also readily recovered after
washing with sterile water, but not always as-fast as that of carbohydrates (Table 29).
Therefore the C/N value was higher than before the washing. Such increased C/N
values may occur after tropical rain showers, thus improving the conditions for ni-
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Table 28. Recovery of the carbohydrate concentration (ug/ml) of sheath water of leaf sheaths of
entire guatemala grass plants after washing out the sheath contents with sterile water.

Sample® Date of treatment

of sheath

water 12/3 14/8 19/8 20/8 21/8 26/8 28/8 1/9 39 4/9 79 89
1 740 660 1080 375 2640 1390 1790 1790 605 640 465 680
2 380 500 180 215 357 535 410 286 107 142 392 357
3 220 145 785 125 232 430 385 125 53 53 285 340
4 880 96 640 820 750 321 3070 322 410 965 475 1570
5 410 355 4800 2120 1140 1290 4300 1360 410 2570 640 2070
6 700 . . . . . 5430 . 2000 6430
7 3800

1. (1} Immediately before the washing of one leaf sheath of a particular plant with 1 litre sterile water,
(2) 15 min after the first washing, immediately followed by a second washing with 1 litre sterile water,
(3) 15 min, (4) 45 min, (5) 105 min, (6) 165 min, (7) 225 min after the second washing.

Table 29. Recovery of the ninhydrin-positive compounds® (ug/ml) of sheath water of leaf sheaths of
entirc guatemala grass plants after washing out the sheath contents with sterile water.

Sample? Date of treatment

of sheath

water 12/8 14/8 19/8 20/8 21/8 26/8 28/8 1/9 39 49 79 89
1 10.0 97 234 6.7 . 39,5 46.0 66 66 50 50 50
2 8.2 3.2 50 51 83 180 214 83 33 83 100 100
3 6.5 3.2 6.7 1.7 50 115 4.9 6.6 1.6 6.6 5.0 3.3
4 . 13.0 . 304 67 164 460 200 83 33 50 100
5 100 . . . 133 197 197 130 33 100 16 100
6 494 . . . - 133 6.7

1. Total N is 102} of n.p.c. values (cf. Table 13).
2. See Table 28.

trogen fixation.

Detaching the Ieaf blades from the sheath increased the carbohydrate content of the
sheath water (Table 30). This increase occurred in the short period (about 45 min)
between cutting of the leaf blade and washing of the sheath contents with sterile water.
The ninhydrin-positive compounds decreased or slightly increased during this period
(Table 31), so that the C/N value of the sheath water increased. The results of this
experiment confirm the conclusion of the preceding experiment (4.4) that the consti-
tuents of the sheath water are released by the leaf sheath and/or stem.
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Table 30. Carbohydrate content (j:g/ml) of the sheath water of leaf sheaths of entire guatemala grass

plants, immediately before and 45 min after detaching the leaf blades and wasluugoutthesheath
contents with sterile water.

Sample! Date of treatment

of sheath

water 5/8 18/8 20/8 26/8 28/8 1/5 2P 39 49 719 89 99
1 120 1465 1140 860 B60 322 555 28BS 214 553 750 642
2 760 2360 1790 1640 1570 1145 2790 1350 447 680 2430 1210
3 380 390 500 555 410 161 268 71 53 357 357 214
4 128 267 232 500 215 7 125 7 35 286 250 178
] 34 680 3360 1570 1930 1140. 1950 372 555 357 715 1350
6 240 2440 . 3800 . . 10720 . 6780 428 2780 .

1. (1) Immediately before detaching the leaf blades, (2) 45 min after detaching the leaf blades, imme-
diately followed by the first washing with 1 litre sterile water, (3) 15 min after the first washing, im-
mediately followed by the second washing with 1 litre sterile water, (4) 15 min, (5) 45 min, (6) 105 min
after the second washifg.

Table 31, The ninhydrin positive compounds® (pg/ml) of sheath water of leaf sheaths of entire
guatemala grass, immediately before and 45 min after detaching the leaf blades and washing out the
sheath contents with sterile water.

Sample? Date of treatment

of sheath

water 5/8 18/8 -20/8 26/8 28/8 1/9 2/ 3/ 45 19 89 99
1 40 50 270 296 329 100 100 100 100 100 66 33
2 88 15 . ] 5 16 16 67 83 150 133 200
3 530 67 100 197 65 16 16 83 50 100 116 O
4 20 35 84 263 148 50 50 16 33 66 33 67
5 10 170 . . . 100 100 . 66 116 167 33
6 550 . . - . . . . 217 167 67 .

1. Total N is 10%; of n.p.c. values (cf. Table 13).

2, (1) Immediately before detaching the leaf blades, (2) 45 min after detaching theleaf blades, im-
mediately followed by the first washing with 1 litre sterile water, {3) 15 min after the first washing,
immediately followed by the second washing with 1 litre sterile water, (4) 15 min, (5) 45 min, (6)
105 min afier the second washing.
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5 Growth of micro-organisms in sheath water of guatemala grass
and nitrogen-fixing capacity of bacteria isolated from several
Gramineae

5.1 Growth of micro-organisms in the sheath water of guatemala grass

The growth of micro-organisms in the sheath water of guatemala prass under
natural conditions was studied by taking samples of the sheath water of particular
full-grown leaves at intervals of 1 or 2 hours throughout the day. These samples were
tested for carbohydrates and numbers of micro-organisms, counted on glucose yeast
extract agar.

Table 32 shows that the micro-organisms in the sheath water of full-grown leaves
generally increased in numbers during the experimental period. In about 40%; of all
the leaves tested for bacterial numbers, no increase in number took place (Table 33).

The data of tables 32 and 33 show that no correlation existed between numbers of
micro-organisms and carbohydrate content of the sheath water; the latter varied
greatly during the day. This lack of correlation may be explained by assuming that
an unknown growth factor, required for a rapid growth of the micro-organisms, was
missing or was present in inadequate amounts in the sheath water. The presence of
growth-inhibiting compounds has also not to be excluded.

Assuming that the average capacity of 1 bacterial cell is 1 pm3, 1 cm? of bacterial
cells contains 10'2 organisms, equivalent to approximately 1 g fresh weight and 0.2 g
dry weight. To synthesize this amount of cell material, approximately 1 g of carbohy-
drates is required. The number of bacteria counted in the sheath water was about
4.10%/ml, which have required about 400 ug of carbohydrates per ml for synthesis.As
the carbohydrates, upon their consumption by micro-organisms, were readily replen-
ished by the plant (cf. Table 30), it may be assumed that the phyllosphere micro-orga-
nisms within leaf sheaths of guatemala grass have at their disposal excessive amounts
of carbohydrates, Thus the conditions as to carbon and energy supply are favourable
to nitrogen fixation.

In general the number of bacteriz in the sheath water increased in the day time
(Table 32). To see what happened overnight, the number of bacteria in the sheath
water of specific leaves was counted every 2 hours during a period of 24 hours. These
experiments were carried out almost one year after those recorded in tables 32 and 33,
during a period of much less rain. Some examples of these countings have been re-
corded in Table 34. Although the numbers found are relatively low, and do not in-
crease in the day time, they show a clear drop during the night to 1/3-1/5 of the
original values, followed by a rise at 4-8 a.m. If we assume that the nightly drop
represents the death of bacterial cells, followed by decomposition of the cell material,
a rough calculation can be made of the amount of nitrogen which becomes available
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Table 32, Numbers of micro-organisms (in millions} and carbohydrate content in the sheath water
of full-grown leaves of guatemala grass, growing under natural conditions.

Time Numbers/ml Carbohydrates {;.g/ml)
16/7 -23{7 20/8 15/9 16/7 237 2078 159
7am, 127 25 25 2 437 82 125 s?
2 132 220 25 . . 287 40 770 1710
1 125 225 50 115 344 70 715 4350
1pm 107 250 35 100 52 94 205 1465
2 167 250 . 45 25 75 625 1666
3 175 50 10 75 67 312 322 250
4 180 300 95 . 27 350 965 214
5 300 275 ¢+ 100 390 ] 550 337 482
6 325 275 85 s 50 163 302 238
7 350 400 . . 100 137 257 1515

Table 33. Numbers of micro-organisms (in millions) and carbohydrate content in the sheath water
of full-grown leaves of guatemala grass, growing under natural conditions.

Time Numbers/ml Carbohydrates (1g/ml)
i 147 30T 258 m . 147 30/7 258
7am 92 15 250 i1s5 37 362 60 855
9 112 20 250 165 100 200 150 1070
11 93 10 200 155 30 125 70 4700
1pm 128 10 200 150 55 & 85 2360
2 110 25 350 . 37 175 0 465
3 125 25 350 140 31 78 240 1280
4 120 20 200 145 125 37 120 1280
5 123 65 200 . 62 250 300 92
6 122 20 200 140 87 133 120 357
7 124 10 210 125 65 73 100 642

to the green plant. The average drop in cefl numbers, to be derived from the data of
Table 34, equals 4.107 cells/ml sheath water/night, corresponding with 0.8 ug N/m!
(1 g bacteria fresh weight contains 10*2 cells with approximately 20%, dry weight and
10% N in the dry material). This corresponds with a yearly production of 5 x 10* x
365 x 0.8 = 14.6 g N/ha (5 ml sheath water/plant/night; number of plants 10*/ha).
Since only some of the micro-organisms in the leaf sheath are nitrogen fixers, the
amount of nitrogen derived from nitrogen fixation is still lower than that calculated
above. These rough calculations suggest that the amount of nitrogen in the phyllos-
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Table 34. Numbers of micro-organisms (in millions) in the sheath water of particular leaves of
guatemala grass, growing under natural conditions and sampled with intervals of 2 hours during a
24-hour period.

Time Numbers/ml

22/6 25/6 29/6 12/7 9/8
08.00 49 43 112 104 35
10.00 43 40 93 99 44
12.00 41 3 78 94 38
14.00 40 30 85 122 39
16.00 31 i3 87 93 39
18.00 27 28 75 . 15
20.00 30 06 87 128 11
22,00 . 12 84 124 07
24.00 . 1 44 146 07
02.00 14 24 43 76 14
04.00 44 23 75 52 09
06.00 83 40 110 101 15
08.00 140 44 109 110 32

phere, derived from nitrogen-fixing micro-organisms, is very low.

As stated earlier, excessive amounts of carbohydrates are contained in the sheath
water of guatemala grass, even in the presence of 5.108 bacteria/ml of sheath water.
This disagreement between number of bacteria and amount of carbohydrates in sheath
water can also easily be shown when the maximum number of bacteria is calculated,
which correspond with the amounts of carbohydrates present (24 mg/ml; Table 27),
supposing that nitrogen and other nutrients are present in optimum concentration in
the sheath water. Assuming that 1 g of the carbohydrates gives rise to the formation
of 0.25 g cell material, (corresponding with approximately 10'2 bacteria), then 2—-4 mg
carbohydrates may give rise to the synthesis of 2—4.107 cells, a number which is 10-100
times higher than the numbers virtually counted. These deviating results may be ex-
plained by the absence of an ¢ssential nutrient or growth factor and for the presence of
growth-inhibiting factors in sheath water.

5.2 Sheath water as growth medium for micro-organisms

To test sheath water for the absence of essential nutrients orfand the presence of
inhibiting compounds, the following experiment was carried out in triplicate several
times during the growth period of the grass. Tubes of 20 ml capacity were filled with
6 ml soil extract azotobacter solution (s.a.s.), supplemented with: 6 ml distilled water
(A 1); 6 ml sheath water of guatemala grass (A 2); 6 ml water + 6 mg (NH,),S0,
(B 1); 6 ml sheath water 4 6 mg (NH,),80, (B 2). Tube C received 6 ml sheath water
4+ 6 ml water but no s.a.s. One of the micro-organisms (a Psewdomonas strain),
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isolated from sheath water, was used for inoculation of the tubes and the bacterial

growth was measured nephelometrically,

The results of this experiment showed (Fig. 21) that the addition of sheath water,
instead of distifled water to the basal solution affected the growth of the inoculated
bacterium only slightly. The addition of (NH,),S0, to the basal solution, however
strongly promoted the growth of the organism showing that the medium was poor in
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‘Table 35. Growth of micro-organisms in collected sheath water of guatemala grass, suppleuhented

days of incubation

+
basol sol+ shecth water+ NH; -

basal sol+ HHI

bosal sol+ sheoth water

basal sol o——o sheath water

with (NF,),S0,, yeast extract or soil extract.

Fig. 21. The growth of a Pseudomonas strain,
isolated from the sheath water of guatemala
grass, inscilextractazotobactersolutiongupple-
mented with sheath water, (INH,)a
sheath water + (INH.).SO,, respectively.

| 7 and

Days of Growth (nephelometric units)
incubation

Control (NH;):SO; Yeast extract Soil ﬂ‘xﬂm
0 35 35 Kk 35
1 44 46 80 33 !
2 45 86 144 36
3 42 119 151 38
6 38 131 125 37
7 40 110 120 36
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Table 36, C;H, production (nmol/culture) of a number of Klebsielia strains, grown on azotobacter
agar, isolated from sheath water of guatemala grass.

Strain Approx. Hours after injection of C:H,
initial
pO, (atm) 0 24 47 7t 95 168 220 360
1 0.20 0 44 . &0 242 735 . .
0.05 0 52 . 104 948 1833 . .
10 0.20 0 181 383 553 857
0.05 0 406 778 1074 1145 . . .
13 020 ¢ 288 746 1227 1533 2567 . 8674
0.05 i) 1027 1943 2883 3397 4621 . 11968
16 020 0 98 320 387 656 1043
0.05 1] 15 56 394 758 2465 .
17 0.20 4] S 7 . 190 1485 4298
0.05 1] 19 164 . 1130 2733 6952

with 45 ml argon which replaced 45 of the 70 ml air above the cultures. Thereupon
8 ml C,H, was injected and the pressure of the mixture reduced to atmospheric pres-
sure.

All of the isolates found to be able to reduce acetylene (11 straing) belonged to the
Enterobacteriaceae (genus Klebsielld). These bacteria were isolated from the sheath
liquid of guatemala grass, sorghum and maize. Examples of the course of acetylene
reduction after the injection with C,H, of the Klebsiella cultures growing on azoto-
bacter agar slants are given in Table 36. It will be seen that lowering the initial pO,
strongly favoured the acetylene reduction of these organisms.

6.2.2 Acetylene-reducing activity of sheath water of guatemala grass

To decide if the micro-flora of sheath water of guatemala grass had the capacity to
reduce acetylene or enabled the enrichment of nitrogen-fixing bacteria, tubes of 10 ml
capacity were supplied with 1 ml of this liquid collected from different plants. After
closing the tubes with Suba seal caps, different amounts of argon were injected into
the tubes, with a polythene syringe, replacing different amounts of air which were
released through a needle in the stopper giving pO, values of 0.2, 0.15, 0.10, 0.05 and
0.0 atm, respectively. For complete removal of the air the tubes were flushed with
argon for about 1 minute. Subsequently, 1 ml C,H, was injected into the tubes through
the rubber stopper and the ethylene production measured at definite time intervals.
All the tubes were incubated at room temperature (approximately 30°C).

The reduction of acetylene in sheath water was not detectable in 3 experiments;
only in 1 experiment were the micro-organisms in the sheath water able to grow and to
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Table 37. C,H, production (nmol) per ml of sheath water, collected from guatemala grass at differ-
ent p0,.

Initial pO; Hours after injection of C:H.
(atm)

0 1 6 i2 21 24 28
0.20 0 0 0.9 2.7 04 1.1 1.3
0.15 0 02 0.2 2.7 1.1 . .
0.10 0 0 0.2 02 - 02 0.5 09
0.05 0 0 04 0.5 4.5 7.2 8.1
0.0 0 21 11 14 1.1 8.2 17.6

reduce C,H,. The results of this experiment, given in Table 37, showed that the
ethylene production by the sheath-water micro-flora was very small and hardly in-
creased with time. Only under anaerobic conditions did a slight ethylene production
occur which increased with time,

6.2.3 Acetylene-reducing activity of populated paris of guatemala grass plants

For this experiment, which was carried out three times during the growth period of
the guatemala pgrass, use was made of populated parts of stems detached from
grass plants, grown in the field. These stem parts, which contained leaf sheaths, were
brought into 250-m! tubes. The total volume of the plant parts, present in 1 tube, was
about 100 ml. The tubes were closed with Suba sea! caps and injected or flushed with
different amounts of argon, so that oxygen tensions of 0.2, 0.1 and 0.0 atm were ob-
tained. Hereafter 15 ml C.H, was injected. All the experiments were duplicated and
incubated in the dark at room temperature (approximately 30°C).

The production of ethylene was detectable in all the tubes of this experiment. The
resulis, given as averages of 6 values (Table 38), show that the acetylene-reducing acti-
vity was slight; it was not increased by lowering the initial oxygen pressure.

During one experiment, samples of the gas mixture were analysed by gas chromato-

L3

Table 38. C.H, production (nmol) of populated parts of guatemala grass (about 100 g fresh wt),
at different pO;.

Initial pO, Days after injection of C,H;

(atm)

0 1 2 3 4 5
0.2 0 17 45 87 125 234
0.1 0 19 53 108 158 184
0.0 0 9 31 53 143 331

31




Table 39, H; (°/50) and N; (°/g) contents of the gas mixture in tubes containing parts of guatemala
grass at different pO..

Initial pO. Days after injection of C.H.
{(atm)

0 1 2 3 4 5

H, N; H, N H: N, H: N, H, N H: N;

0.2 0 80 02 380 11 73 L7 72 26 6%
0.1 0 65 0.06 o4 04 63 03 61 14 60 27 60
0.0 0 47 0.06 46 0.5 46 14 46 27 46 53 44

graphy for H, and N.,. The results, given in Table 39, show that H, was produced 1 day
after the commencement of the experiment. The H, production increased with in-
cubation time and ran parallel with the acetylene-reducing activity, indicating that the
N,-fixing bacteria (which were identified as Xlebsiella) were responsible for its forma-
tion.

6.2.4 Acetylene-reducing activity of the phyllosphere of entire plants, growing under
field conditions in the tropics

Several young plants of about 1.5 meter high were separately enclosed by a trans-
mitting bag, sealed with ‘saran’ plastic of a gas-tight quality. About 15 cm above the
soil surface the bag was fixed around the stem between 2 copper strips, pressed to-
gether with 2 clips, making it gas-tight by using a ceramic lute ‘kachelkit’ (Hercules)
and plasticine. The air inside the bag was removed by suction, so that the bag became
flattened. When after about 30 min the pressure had not changed, the bag was filled
with a gas mixture containing 70 %, Ar, 259, O, and 59 CO,, which was removed by
suction. This procedure was repeated 3 times whereupon the bag was filled with 3
litre of the gas mixture and closed with a stopcock. Then 400 ml C,H, was injected
through a rubber septum in the wall of the bag and ethylene formation was measured

Table 40, Acetylene-reducing activity (n molfplant) of the phyllosphere micro-flora of entire guate-
mala grass plants,

Plant Hours after injection of C;H;

0 19 30 45 63 ) | 116
1 0 0 53 142 303 587 354
2 0 36 53 71 151 481
3 0 ] 36 89 196 498 659
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twice a day for 5 days.

The results obtained with 3 guatemala grass plants show (Table 40) that acetylene
reduction by the phyllosphere organisms had occurred but at a low level. After 5 days
the nitrogen-fixing micro-organisms of the phyllogphere of plant 1 had produced
854 nmol ethylene, corresponding with 854 X 28/3 X 10-% = 8 X 10~ mg fixed
nitrogen per plant. However, it should be stressed that the conditions for nitrogen-
fixing bacteria in the sheath water for some unknown reason are unfavourable. If thig
limiting factor could be eliminated, the gains of fixed nitrogen would presumably be
considerably higher.

6.3 Experiments with Zea mays, grown under temperate conditions in the Netherlands
6.3.1 Acetylene-reducing activity of sheath water of maize

The results of the experiments recorded in 3.4, have shown that the most favourable
conditions for nitrogen fixation in the sheath water of maize, grown under temperate
conditions, occurred in plants without any dressing and in those without nitrogen
dressing. Therefore, acetylene reduction by incubated sheath water of such plants was
tested several times during the growth period of the plants. One ml liquid was added
to tubes of 10 ml capacity, closed with Suba seal caps and injected with 1 ml C,H,.
For measuring the acetylene-reducing activity under anaerobic conditions, the tubes
were flushed with argon and then injected with 1 ml C,;H;. All the tubes were incu-
bated at 30°C.

No ethylene production was found in any sample of sheath water tested either
aerobically or anaerobically. This experiment was repeated one year later with the
same negative results.

6.3.2 Acetylene-reducing activity of populated plant parts of maize, grown under tempe-
rate conditions

Similar to the experiments with guatemaia grass under tropical conditions, young
parts of maize plants, used for the sheath-water experiment (6.3.1), were tested for the
presence of nitrogen-fixing bacteria. During the growth period of the maize plants paris

Table 41, C;H, production {nmol) of populated parts of young msize plants (about 100 g fresh wt),
grown under temperate conditions.

Plants Days after injection of C;H,
0 2 6 8 10
Unfertilized 0 0 46 101 162
2 46 74

" Without N H 0
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of stems, surrounded by the leaf sheath and with a volume of about 100 mi, were tested
three times for acetylene reduction, as described earlier. Each experiment was dupli-
cated and incubated in the dark at 30°C.

The results, given in Table 41 as averages of 6 values, show that parts of maize
plants grown under temperate conditions, when kept for a prolonged period of time
in the laboratory, produced small amounts of ethylene. Similar results were obtained
with parts of maize plants tested one year later.

6.3.3 Acetylene-reducing activity of the phyllosphere micro-organisms of entire maize
plants, growing in the field under temperate conditions

Similar to the experiment with guatemala grass, recorded earlier, 3 young maize
plants, growing without added nitrogen, were separately enclosed by a transmitting
bag as described earlier and tested for acetylene reduction. During 8 days the ethylene
production was measured.

As average of the values of 3 incubated plants, 80 nmol of ethylene was found to
be produced by the phyllosphere micro-organisms after an incubation period of 8 days.
This amount corresponds with 0.45 g fixed nitrogen per ha assuming a growing period
of 120 days and 4 X 10* maize plants per ha.
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7 1*N experiments with guatemala grass in the field under tropical
conditions

7.1 Introduction

The experiments with guatemala grass recorded in the previous chapter have shown
that small amounts of nitrogen may be fixed in the phyllosphere of these plants. To
obtain more quantitative data on this nitrogen fixation, experiments with labelled N,
were carried out. For this purpose, guatemala grass, growing in the field under tropical
conditions in Surinam, was exposed to elementary nitrogen enriched with !N and
the amount of *>N fixed and present in various plant parts estimated.

7.2 Materials and methods

Three young unfertilized plants, about 1.5 m high, were separately enclosed by a
transmitting bag as described in Section 6.2.4. The air in the bag was removed by
suction, so that the bag flattened and leakages could readily be observed. The bag was
then filled through a stopcock with a gas mixture, containing 5% CO,, 259 O, and
T70%. Ar which afterwards was sucked out. This procedure was repeated three times.
Then the three bags were filled with 2 1 of this gas mixture supplemented with 0.5 litre
N, enriched with 52.39% 13N (bags 2 and 3) and with 200 ml N ,, enriched with 96.8 %,
15N (bag 1). The three plants were incubated for 2, 3 and 4 days, respectively. Here-
after they were harvested and divided into the following parts: sprouts, consisting of
blades, sheaths and stem, main stem (axis), adventitious roots, main roots and lateral
roots (see Fig. 22). About 250 mg of the dry matter of these plant parts was used for
the determination of nitrogen according to the Kjeldahl method. After the distillation
of the NH, into boric acid and its titration, the ammonia was steam-distilled into 5 ml
0.1 N HCI. The rest of the dry maiter of the plant parts was digested and the NH,
distilled into the same acid solution, which was reduced by vacuum rota evaporation
to a volume of 5 ml and used for the **N analysis. This was carried out with an emis-
sion spectrometer after the conversion of ammonia to N, with sodium hypobromite
(see Chap. 2).

7.3 Results and discussion

The results, given in Table 42, show that the micro-organisms in the phyllosphere
of guatemala grass fixed measurable amounts of nitrogen. The plants had taken up
222, 230 and 287 pg nitrogen in 2, 3 and 4 days, respectively. Based on these results,
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Table 42. N; fixed by phyllosphere micro-organisms in guatemala grass plants exposed to 5N in
the field under tropical conditions

Plant part Days of incubation
(sec Fig. 22)
2 (plant 1) 3 (plant 2) 4 (plant 3)
Tot. N At.% FixedN Tot. N At. % Fixed N Tot. N At. % FixedN
(mg) N pg (mg} "N ug (mg) "N ug
eXCess excess excess

1*Blades 446 0025 115 227 0011 4.8 162 0052 16.0
Sheaths 573 0075 443 4683 0.008 71 522 0035 348
Stem 622 0000 00 266 0010 52 . . .

2 Blades 464 0041 196 190 0018 6.5 382 0080 59
Sheaths 50.2 0.060 31.0 22.3 0008 34 876 0090 151
Stem 80.3 0.013 144 8.0 0.011 1.7 855 0.030 5.0

3 Blades 756  0.060 46.8 705 0010 136 7.5 0099 141
Sheaths 202 0041 384 70.1 0038 508 114 0059 128
Stem 1556 0010 161 103.4 0000 00 198 0.033 124

4 Blades 534 0028 285 139 0100 265
Sheaths 420 0023 185 21.3 0.122 454
Stem 559 0000 00 . . .

5 Blades 459 0015 13.2 163 0161 500
Sheaths 45 0.020 17.0 183 0113 395
Stem 651 0005 11.1 150 0.013 9.4

6 Blades 535 0015 153
Sheaths 903 0019 329
Stem . . .

Axis 810 0000 0.0 6224 0000 00 824 0000 00

Adv. roots 195 0000 00 492 0000 0.0 184 0000 0.0

Lat. roots 335 0000 00 967 0000 00 186 0000 OO0

Main roots 469 0000 00 389 0000 00 584 0000 00

Fixed N; in plants: 222.1 229.6 287.0

The biological standard contained 0.365 atom %, 15N,
* Figures refer to sprout number.

it is possible to calculate the amount of nitrogen fixed by the phyllosphere micro-
organisms and taken up by the guatemala grass during one year. After 4 days, plant 3
contained 287 ug of fixed nitrogen. Assuming a continuous cultivation of guatemala
grass, this corresponds to an amount of 263 g N per ha. The benefit to the plant is the
total amount of fixed nitrogen minus the nitrogen present in the micro-organisms of
the phyllosphere. Assuming the presence of 10° micro-organisms per ml sheath water
and of 5 ml sheath water per plant, the total number of micro-organisms occurring
in the phyllosphere of one plant is approximately 5 x 10°. This number corresponds to
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1=5 sprouts

c Leaves
b Leaf sheath

¢ stem
] stem
Ape——17 7  adventitious roots
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3 9 reot
' Fig. 22. The parts of a guatemala grass
plant, exposed to **N,

1 mg dry matter, containing about 0.1 mg N per plant and with 1 g per ha, assuming
the presence of 10* gnatemala grass plants per ha. The difference, 262 g of the fixed
nitrogen, is available to the growth of the guatemala grass. Similarly, for plant 1 and
2 values of 403 and 280 g per ha can be calculated.

That the nitrogen fixation occurred mainly in the sheath water may be concluded
from the fact that the highest amounts of 13N were mostly found in the sheaths and
to a smaller degree in the blades. The stem of the sprouts contained considerably lower
amounts of labelled N, whereas outside the sprouts no 5N was detected. The fact that
considerable amounts of 13N occurred in blades and stem, shows that a considerable
proportion of the **N had been released from the bacterial cells and was absorbed by
the plant.
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Sammary

A study was made of the occurrence of nitrogen-fixing micro-organisms in the

phyllosphere of Zea mays and Tripsacum laxum Nash'(guatemala grass) and of the
contribution of such micro-organisms to the nitrogen supply of the plants. These in-
vestigations were carried out within the framework of the ‘International Biological
Programme’ (IBP). The phyllosphere is the environment of micro-organisms on the
wet leaf surface and in the space between leaf sheath and stem. These micro-organisms
utilize the substrates released from the leaves and from the stem. Several factors, in-
cluding type of plant, age and nutritional conditions of the plant, affect amount and
type of substrate. Nitrogen fixation may occur when the carbohydrate content exceeds
that of nitrogenous compounds many times; otherwise the nitrogen-fixers are super-
seded by fast-growing non-nitrogen-fixing bacteria that use both carbohydrates and
N compounds for growth, Generally it can be assumed that the latter type of bacteria
occurs when the C/N value of the assimilable substrates is below 20. Some reports on
nitrogen fixation in the phyllosphere may be found in the literature, but so far no
quantitative data on the subject are available.
In this study, amount and composition of the substrates, released from some types of
plants, were related to the micro-organisms occurring in the phyllosphere. The ex-
periments were carried out under temperate conditions in the Netherlands and under
tropical conditions in Surinam. In both cases plants were grown in pots and in the
field with different dressings. The ability to fix elementary nitrogen was investigated
with isolated micro-organisms under laboratory conditions and with the natural mi-
cro-flora occurring in collected sheath water, while in some cases entire plants were
tested for nitrogen fixation.

The substrates released by leaves and stem into the phyllosphere were mostly
collected by spray irrigation of the aerial plant parts. To study the micro-flora of the
phyllosphere, the sheath water was used i.e. the water between leaf sheath and stem
present before spraying. Initially it was assumed that the sheath water was represen-
tative of the substrates released under natural conditions by the blades into the phyl-
losphere, its ‘overfiow” being caught by the leaf sheath. Experiments on the chemical
composition of the liguid released by the blades as well as that of the sheath water
learnt that this was probably not the case, the sheath water being mainly released by the
leaf sheath and the stem. In subsequent ¢xperiments, the composition of the sheath
water was estimated as well, so that a better comparison between substrates and micro-
flora of the phyllosphere could be made.
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Chapter 3 contains the results of experiments with maize grown in pots as well as on
experimenial plots in the garden of the Laboratory of Microbiology, Wageningen.
In the first experiment the spray irrigation (corresponding with a shower of 6 mm) was
carried out weekly for 1 hour. In this experiment the influence of the nitrogen dressing
and of the age of the plants on the leaching of substrates and on the micro-flora of the
phyllosphere were studied. The plants with the highest nitrogen dressing had the
highest N and P content {Fig. 2). The amount of carbohydrates leached from the
aerial parts of the plants by the spray irrigation was small (<< 10 mg/plant) and was
hardly affected by an increased nitrogen dressing or by the age of the planis. The
nitrogen content of the leachate was clearly higher with increased nitrogen supply and
decreased with ageing of the plants (Tables 2 and 3). The C/N value of the leachate
was low and presumably did not allow nitrogen fixation in the phyllosphere.

The numbers of micro-organisms in the sheath water increased during the growth of
the plants, except for the last counting (Table 4). These numbers were often considerably
higher in the phyllosphere of plants grown at the high nitrogen dressing. The pre-
dominant micro-organisms of the phyllosphere mainly belonged to the Pseudomona-
daceae, Corynebacteriaceae, Enterobacteriaceae and Achromobacteraceqe, Initially the
pseudomonads were counted as the largest group, but they decreased with ageing of
the plants, whereas the coryneforms increased (Figs. 4-6). ‘ '

In a second pot experiment with maize the plants were sprayed daily. The carbohy-
drate and nitrogen contents of the leachate were lower than those of the weekly
spraying, but they remained more or less at the same level, indicating a constant supply
of small amounts of substrates to the phyllosphere organisms (Figs. 7 and 8). In this
experiment the C/N value of the leached substrates was also very low.

Although the total numbers of bacteria counted were considerably lower than those
of the first pot experiment (Table 5), the same types of organisms were identified
(Figs 9-11). The coryneforms were the most important group from the beginning of
the experiment.

The same method for collecting leachate as used in the pot experiments, was em-
ployed for maize growing on experimental plots. The plants were sprayed daily for
1 hour with an amount of water corresponding with a shower of 6 mm. In the first
field experiment, plants dressed with a low and with a high amount of nitrogen were
compared. The amount of carbohydrates released did not change very much with
ageing of the plants; low-N plants leached slightly less carbohydrates than high-N
plants. Due to the relatively high nitrogen content of the released substrates, very
low C/N values were calculated in this experiment (Figs 12-14).

In the second field experiment with maize, use was made of a series of experimental
plots with different N, P and K dressings in the garden of the Laboratory of Micro-
biology, Wageningen (Tables 6-8). In this experiment the composition of the water-
soluble fraction of the plant material was compared with the amounts of carbohydrate
and nitrogen in the sheath water during the growth of the plants. The highest amount
of carbohydrates was found in the soluble fraction of plants deficient in potassium
(Table 9); the nitrogen content of these plants was also high. Nitrogen-deficient plants
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contained the lowest amounts of soluble N (Table 10). The highest C/N value in the
soluble fraction was found in plants without any dressing (Table 11). In this case
values of about 10 were found during the period of maximum growth of the plants as
contrasted with about 5 in plants with the other dressings. With all of the dressings,
lower C/N values in the soluble fractions of the plant material were found in the be-
ginning and at the end of the growth period.

The sheath water of young maize plants of this experiment was rich in carbohy-
drates (Table 12). The highest values occurred in plants without dressing. K-deficient
plants had relatively low and P-deficient plants relatively high values. This was in
contrast with the carbohydrate contents of the soluble fractions of plants deficient in
K and P, respectively.

This difference in effect of K and P deficiency is clearly shown when the ratio of the
carbohydrate contents of the soluble fraction of K and P-deficient plants (1.73) is
compared with the corresponding value in the sheath water (0.77).

The nitrogen content of the sheath water, estimated as ninhydrin-positive com-
pounds, was relatively low (Table 13). It clearly increased with ageing of the plants,
Since the carbohydrate content decreased, the C/N value of the sheath water was
highest in young plants (Table 14). Values between 100 and 200 were found, indicating
favourable conditions for nitrogen fixation in this medium.

Large differences existed between the C/N values of the soluble fraction of maize
plants and those of the sheath water.

Chapter 4 gives the results of experiments on the phyllosphere of guatemala grass
(Tripsacum laxum Nash) grown under tropical conditions in Surinam (Plate 2 and
Fig. 22). Similar to the experiments with maize in the Netherlands, a comparison
was made of the micro-flora and the amounts of carbohydrates and nitrogenous
compounds leached from the leaves of plants of different age and nitrogen supply.

Data on the growth and the chemical composition of this grass grown in pots have
been given in tables 15 and 16. In this experiment the composition of the leachate was
compated with that of sheath liquid, sampled before spraying. The amounts of carbo-
hydrates leached from the plants were higher than those leached from maize under
temperate conditions (cf. tables 17 and 2). The carbohydrate content of the sheath
water was also considerably higher than that of maize plants, reaching values of 2 g
per litre. The nitrogen content of the leachate was relatively high, that of the sheath
water was low (Table 18). Consequently, the C/N values of the leachate were low, but
those of the sheath water were very high. These results indicated favourable conditions
for nitrogen fixation.

The large differences in carbohydrate and nitrogen contents between leachate and
sheath liquid and the different response of these contents to age and nitrogen supply
of the plants indicate a different origin of the substrates of both types of liquid.

The number of micro-organisms in the sheath water of guatemala grass was much
higher than that counted in sheath water of maize, growing under temperate conditions
(Tables 20 and 4). Bacteria belonging to the Achromobacteraceae were predominant
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in the sheath water, followed by coryneforms. Psendomonads, one of the most impor-
tant groups of bacteria of maize, occurred only sporadically in the phyllosphere of
guatemala grass (Figs 15-17).

The results of this pot experiment were confirmed by those of a field experiment
with guatemala grass in which the plants were sprayed 3 times a week. The amounts
of carbohydrates in the leachate were even congiderably lower than those of the pot
experiment. Since the nitrogen contents were somewhat higher, the C/N values were
still lower than in the pot experiment (Table 21).

The total numbers of micro-organisms in the sheath water of guatemala grass
growing in the field were comparable to those of the pot experiment (Table 22). The
composition of the micro-flora, mainly achromobacters and coryneforms and a few
pseudomonad strains, resembled that of the pot experiment (Figs 18-20},

In a subsequent field experiment with guatemala grass a comparison was made of
the carbohydrate and nitrogen contents of leaf water (i.e, water present on the blades,
resulting from dew) and of sheath water. Although the carbohydrate content of the
sheath water was considerably lower than that of the sheath water of the previous pot

experiment, it was much higher than that of the leaf water (Table 23). In the first half -

of the experimental period considerably higher values for carbohydrate content were
found than in the second half. Leaf water did not show these differences.

In contrast with the carbohydrate content, nitrogenous compounds occurred in
considerably lower amounts in the sheath liquid than in the leaf water. The lowest
nitrogen content was found in the sheath water of mature plants; the nitrogen content
of leaf water hardly changed during the growing period of the grass (Table 24). The
divergency of leaf and sheath water excludes the existence of a common origin.

In consequence of the high carbohydrate content of the sheath water and the low
pitrogen content, very high C/N values were found (Table 25). The highest values
(600-700) were calculated for sheath water of plants, growing with the lowest N-
supply, during the second part of the experimental period. In leaf water, the C/N va-
lues were found to be very low viz. mostly <C 10. These results indicate that the con-
ditions for nitrogen fixation are favourable in the phyliosphere of the leaf sheath and
unfavourable in that of the leaf blade,

As in the sheath water of guatemala grass, high C/N values were also found in the
sheath water of some other Gramineae (Zea mays, Sorghum bicolor and, to a lower
degree, Echinochloa polystachya; Table 26).

To study the effect of the age of the leaf on the carbohydrate content of the sheath
water, separate analyses were made of the sheath water of each leaf of particular
plants. This experiment was repeated several times with different plants in the course
of the growth period of guatemala grass. The highest concentrations were found in the
sheath water of young unexpanded leaves (Table 27).

From the results of the experiments discussed so far, it was concluded that the sub-
strates of sheath water and leaf water {dew) of guatemala grass are derived from differ-
ent sources. That the sheath water was excreted by the leaf sheath and/or stem was
shown in the following experiments. Sheath water was diluted and then immediately
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washed out with sterile water, Afterwards carbohydrates and nitrogenous compounds
in the sheath water were periodically measured. A ready recovery of these substrates
occurred, the values found being much higher than those originafly present. The re-
covery of nitrogenous compounds was not as fast and complete as that of carbohy-
drates, resulting in increased C/N values with maximum values > 1000 (Tables 28
and 29). The release of substrates also occurred after cutting the lamina but before
washing of the sheath contents. Detaching the leaf blades considerably stimutfated the
release of carbohydrates and nitrogenous compounds (Tables 30 and 31).

In Chapter 5 the growth of micro-organisms in the phyllosphere of guatemala grass
under natural conditions was studied. In spite of the presence in sheath water of large
numbers of micro-organisms, the occurrence of considerable amounts of carbohy-
drates in this liquid pointed to a low activity of these bacteria. This low activity might
indicate a poor growth of the micro-organisms due to the absence of an essential
nutrient or the presence of a growth-inhibiting factor in the sheath liquid.

To check this hypothesis, sheath water of particular leaves of guatemala grass was
sampled at intervals of 1-2 hours and tested for carbohydrates and number of micro-
organisms. In about 609 of the leaves tested the numbers of micro-organisms in-
creased during day-time (Table 32); in the remaining 40 %, no alteration of the bacterial
numbers occurred (Table 33). In both cases excessive amounts of carbohydrates were
found but no correlation occurred between number of bacteria and carbohydrate
content. In a further experiment bacterial countings in the sheath water were made
during a period of 24 hours. The numbers of micro-organisms of the phyllosphere of
the leaf sheath were shown to decrease during the night (Table 34). When the reduc-
tion of cell number was taken as a basis for the amount of bacterial nitrogen that be-
came available to the plant, the annual amount of nitrogen was calculated to be ap-
proximately 15 g/ha. It was assumed that this process continued throughout the year
and that all the bacteria were nitrogen fixers or obtained their nitrogen from nitrogen
fixers.

To investigate if the suggested poor bacterial growth in the sheath water of guate-
mala grass was caused by a deficiency of a particular nutrient or by an excess of an
inthibiting compound, laboratory experiments were carried out with a nutrient solution
poor in nitrogen and supplemented with (NH,),S0,, sheath water, and (NH,),80, +
sheath water, respectively. A non-nitrogen-fixing Pseudomonas strain, isolated from
sheath water, was used as the test organism. Without added (NH,),80,, no growth of
the bacteria occurred; addition of (NH,),80, gave good growth, but sheath water
had hardly any effect, showing that assimilable N-compounds (Fig. 21) occurred in
very low concentrations, When in addition to (NH,),80,, sheath water had been added
to the basal medium, bacterial growth was much increased. This increase shows (a)
the absence of growth-inhibiting compounds and (b) the good assimilability of the
carbohydrates of the sheath water.

The importance of nitrogen deficiency as the growth-limiting factor of non-nitrogen-
fixing bacteria in the phyllosphere of the leaf sheath of guatemala grass was clearly
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shown in the following experiment with sheath water as nutrient solution for the
above-mentioned Pseudomonas strain. Without added nitrogen almost no growth
occurred; addition of (NH,),SO, or yeast extract gave a normal growth of the in-
oculated bacterium (Table 35).

Since the resulis of the experiments with sheath water suggested that nitrogen-
fixing bacteria were able to grow in that medium, several micro-organisms, isolated on
azotobacter agar and originating from the sheath water of guatemala grass and rice
plants, were tested for their nitrogen-fixing capacity. Approximately 20 isolates,
mainly Klebsiellas, were found to fix small amounts of nitrogen (2-6¢ mg N/g sac-
charose); one Klebsiella strain fixed 10 mg and one Pseudomonas strain 20 mg N/g
saccharose. Low amounts of N were fixed when sheath water was incubated in soil
extract azotobater medium. When sheath liquid was incubated in Erlenmeyer flasks,
growth of nitrogen-fixing bacteria was found in only a few instances. This indicates
the absence of a compound required for nitrogen fixation.

In Chapter 6 experiments were described, concerning the nitrogen-fixing capacity
of a number of micro-organisms, isolated from the phyllosphere of guatemala grass,
sorghum and maize, and measured with the acetylene-reduction technique. The re-
duction of acetylene was studied at atmospheric as well as at low oxygen pressure
(pO; about (.05 atm). All the strains found capable of reducing acetylene to ethylens
belonged to the genus Klebsiella. An example of the course of C,H, reduction of a
number of these strains is given in Table 36. From these results it will be seen that
lowering of the oxygen pressure strongly promoted acetylene reduction.

Sheath water of guatemala grass, incubated at different oxygen pressures, showed
only in 1 of the 4 experiments a small acetylene reduction. Lowering the oxygen
. pressure (< 0.05) slightly increased this effect (Table 37).

In a subsequent series of experiments, populated parts of the stem of guatemala
grass, surrounded by the leaf sheath, were exposed to acetylene at different pO,.
Although production of ethylene was always detectable, the activity was small; reduc-
tion of the oxygen tension did not affect this activity (Table 38). Except C,H,-reduc-
tion, production of H; by the nitrogen-fixing bacteria of the phyllosphere (mainly
Klebsiellas) was found during this experiment (Table 39).

Finally, entire plants of guatemala grass, growing in the field, were enclosed by a
plastic bag, sealed gas-tight from the air and supplied with C,H,. The production of
C,H; in the bag was measured during several days. Though a clear acetylene reduc-
tion was detected, the calculated amount of nitrogen fixed was only 8 ug per plant.
This low figure was mainly due to the fact that in spite of the excess of carbohydrates
and the favourable C/N value, the activity of nitrogen-fixing phyllosphere-bacteria,
for some unknown reason, was very low. If this limiting factor could be eliminated,
the amounis of fixed nitrogen would presumably be considerably higher. A further
reason for the low values may be that during the transport of the ethylene-containing
tubes from Surinam to the Netherlands losses of ethylene may have occurred (cf.
Chap. 7).
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Similar experiments on the acetylene-reducing capacity of the phyllosphere as done
in Surinam with guatemala grass, were carried out with maize, growing under tem-
perate conditions in the Netherlands. Sheath water of plants, grown without any
dressing or without nitrogen dressing, having the most favourable C/N value for
nitrogen fixation, was incubated aerobically as well as anaerobically under laboratory
conditions after addition of C,H,. Though this experiment was repeated many times
during the growth period of maize, positive results were never obtained.

By using populated paris of the stem of maize, surrounded by the leaf sheath, small
amounts of acetylene were found to be reduced (Table 41). A small but clearly detect-
able activity was also found when the acetylenc-reducing capacity of entire maize
plants, growing in the field, was measured, showing that under temperate conditions
N, fixation by the phyllosphere organisms is also possible.

In Chapter 7 the results of some experiments with 3N were given. Guatemala grass,
growing under natural conditions in Surinam, was enclosed in a plastic bag and ex-
posed to labelled N,. After incubation for some days, the plants were harvested and
divided into different parts which were analysed for total N and !*N. For '*N an
emission spectrophotometer was used.

From the results it can be seen that measurable amounts of *N were found in the
plant material (Table 42). This nitrogen was mainly present in the sheaths and to a
smaller degree in the leaf blades. The stem of the sprouts contained low amounts of
15N while outside the sprouts no N was detected. These results show that fixation
of nitrogen occurs through the phyliosphere fiora of the leaf sheats.
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