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ABSTRACT

Gametophore-over-producing mutants of the moss, Physcomitrella pa-
tens, when grown in liquid culture export high levels of cytokinin into their
culture medium. The cytokinin produced by these mutants is postulated to
account for their peculiar phenotype, that ofmosses treated with exogenous
cytokinin. N-(A2-isopentenyl)adenine, the major cytokinin, has been iden-
tified previously in two of these mutants (Wang, Cove, Beutelmann,
Hartmann 1980 Phytochemistry 19: 1103-1105) and now in additional
representatives. A second cytokinin, zeatin, has been identified by its
chromatographic behavior and mass spectrum including chemical ionization
mass spectrometry of its permethyl derivative.

account for the abnormal development of OVE mosses and thus
be indirectly implicated in the development of gametophores in
WT tissue.
OVE mutants fall into three complementation groups (Feath-

erstone and Cove, unpublished data; [14]); that is, when crossed
parasexually via protoplast fusion, mutants from different com-
plementation groups produce (diploid) hybrids which resemble
the WT while fusions between members of the same group pro-
duce hybrids showing OVE characters. At least three genes, must
be able to mutate to give rise to the OVE phenotype.

In a previous paper (23), the culture media of OVE 100 and 78
(each from different complementation groups) were analyzed for
their cytokinin content and both found to contain i6Ade while
only OVE 100 contained another, more polar, cytokinin. In the
present report, other OVE and WT mosses have been examined
for the presence of cytokinin in their culture medium. In addition,
the identity of the second cytokinin has been established.

During its development, moss tissue passes through several
distinct phases of growth each being characterized by specific cell
types (3-5). One of the latter stages in moss morphogenesis is the
production of leafy shoots or gametophores which eventually give
rise sexually to the sporophyte generation and the production of
spores. The production of gametophores can be influenced by
plant growth regulator application; it is this influence that has led
to the hypothesis that the naturally occurring compounds may be
involved in gametophore development in vivo (12, 13). Conse-
quently, moss tissue has been used for many biochemical and
physiological studies of plant hormones (6, 7, 11, 17, 20), even
though the presence of these substances in normal moss tissue has
yet to be established.
The morphogenesis of the moss Physcomitrella patens and its

response to plant growth regulators are similar to other moss
species. However, its use as a system for genetic analysis has led
to the isolation of several mutants altered in their response to and
production of plant growth regulators (9). Several ofthese mutants
(OVE mutants4 5) phenotypically resemble the WT moss when it
has been treated with a high concentration of cytokinin (2). Again,
this raised the question of whether endogenous cytokinin could
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MATERIALS AND METHODS

Moss Culture Conditions. The procedures for the maintenance
of cultures, the preparation of homogenates for culture inocula,
and the contents of media have been reported in previous studies
(15, 23). Initially, cultures were grown as single batches in large
reagent bottles. However, such vessels were superceded by 10 liters
fermentor-type flasks equipped with sample outlet, air inlet, and
air outlet (with an on-line condenser to prevent water loss) tubes
of the type used for cell suspension cultures (21). The use of these
vessels facilitated continuous monitoring of the growth of a cul-
ture. The protonemata were maintained in suspension by the flow
of sterile air into the medium and no additional mechanical
stirring was necessary.
Growth Analysis. Samples were withdrawn from the vessel

under positive pressure and known volumes passed through dry
Whatman GF/C filter papers. The retained protonemata were
then dried at 60 C for 2 days before weighing.

Cytokinin Isolation from Culture Media. The extraction, isola-
tion, and identification of i6Ade from the culture media of the
various moss tissues was performed as reported elsewhere for OVE
100 (23) by using 1-butanol partition, Sephadex LH20 chromatog-
raphy, and MS. Biological activity was detected by using a mod-
ified soybean callus assay (23). Where sufficient activity, indicated
by bioassay, eluted in the region of io6Ade (22, Fraction I) from
Sephadex chromatography, the relevant fractions were pooled and
taken to dryness. Each sample was dissolved in 30 ll water
(adjusted to pH 7 with TEAB) and subjected to HPLC on Hypersil
ODS (Shandon Southern Ltd) with water (adjusted as above) and
acetonitrile as solvents after the method of Horgan and Kramers
(16). Peaks eluting in the region of io6Ade were collected, dried,
and analyzed either by MS as a direct probe sample or by GC-
MS as the permethyl derivative.

Permethylation. Permethylation was performed by using di-
methylsulfmyl carbanion and methyl iodide (18, 19). The use of
the carbanion was simplified by following the procedure of Eagles
et al. (10) and its preparation undertaken by warming potassium
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t-butoxide (112 mg/ml) in dimethylsulfoxide at 45 C for 1 h under
an atmosphere of N2. Samples for permethylation were dried in 1-
ml Pierce Reactivials, sealed, and flushed with N2. One hundred
,ul carbanion solution were added followed by 10 ul methyl iodide.
The samples were then left at room temperature for a minimum
of 30 min before halting the reaction by the addition of 200 ,ul
water. The permethylated samples were partitioned into equal
volumes of chloroform three times, the combined chloroform
phases were reduced in volume and then backwashed with an
equal volume of water before finally being dried for GC-MS.
MS and Combined GC-MS. Direct probe low resolution mass

spectra were recorded on an AEI MS 30 single beam mass
spectrometer operating at 70 ev. Scans were performed at 10 s/
mass decade with a source temperature of 180C and probe
temperature of 150 C. Spectra were processed by a Kratos DS 50
data system.
GC-MS was carried out by using an AEI MS30 mass spectrom-

eter linked via a jet separator to a Perkin Elmer Sigma 2 gas
chromatograph equipped with a stream splitter. Scans were re-
corded at 10 s/mass decade and stored on a Kratos DS50 SM
data system. CI conditions were produced by using ammonia gas
introduced into the source (pressure, 2-5 x IO-' torr: temperature,
150 C) and with the ionization energy increased to 400 ev to give
maximum sensitivity. Samples were run on a 4 x 1980mm column
of GasChrom Q (80-100 mesh) coated with 2% SE33 by using a
helium flow rate of 40 ml/min, a column temperature of 210 C,
and a separator temperature of 230 C.

Solvents and Reagents. All solvents were redistilled or HPLC
grade (Jones Chromatography Ltd.). Authentic markers of zeatin
and i6Ade were obtained from Sigma Chemical Co. Ltd., and cis-
zeatin was isolated by HPLC as a minor impurity of the zeatin.

RESULTS

Growth of Moss Tissue in Liquid Culture. The use of fermentor-
type culture vessels for the growth ofmoss tissue allows continuous
monitoring of the culture for any growth parameters and other
features of interest. Small samples can be withdrawn easily under
sterile conditions without disturbing the overall growth of the
culture. OVE and WT tissues have very similar growth rates.
Noticeable differences can arise, however, due to the condition of
the original inoculum. Figure 1 shows the growth (as measured by
dry weight) of three OVE cultures and a WT culture as batch
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FIG. I. Growth of moss tissue in liquid culture. Ten liters liquid
cultures were inoculated with homogenates of moss protonemata and
samples withdrawn under sterile conditions. For dry weight analysis, 40
ml suspension was collected on glass fiber filters and dried at 60 C.

cultures and illustrates this point.
Culturbs are inoculated from young agar-grown colonies after

homogenization (which initiates regeneration and chloronemal
growth). It is this homogenization which accounts for the lag,
often present, and most noticeable in the OVE 200 culture. When
viewed under the microscope 24 h after inoculation, such a culture
shows extensive cell lysis due to over-homogenization, although
this is only reflected in the dry weight analysis as a small decline.
The extensive lag that follows is not due to a lack of growth but
to the recovery, via regeneration of viable cells, that ensues. Moss
tissue does not exhibit cell density-dependent growth as do many
cell suspension cultures of higher plants (21). Once established the
growth is similar to the other cultures. Both OVE 201 cultures
included illustrate the difference that can occur in the growth of
the same moss.

i6Ade in Moss Culture Medium. Culture medium partitioned
against butanol and subjected to chromatography on Sephadex
LH20 requires no further purification for the isolation of i6Ade.
After bioassay, fractions containing biological activity from the
elution region of i6Ade were pooled, reduced in volume, their UV
spectra measured, and they were then taken to dryness for MS.
Spectra were measured via direct probe insertion and all were
identical with the authentic compound. Examples of both have
been published previously (23). Table I summarizes the data
obtained to date.

Zeatin from Culture Medium of Moss Tissue. Unlike putative
i6Ade samples from moss culture medium, fractions eluting in the
region of io6Ade from Sephadex chromatography frequently con-
tain impurities which show on the UV spectrum as increased
absorption (over a standard solution) in the region below 270 nm.
Such samples were, therefore, purified before mass spectral anal-
ysis by reverse-phase HPLC. Figure 2A shows the HPLC trace of
an aliquot of fraction 21 from Sephadex chromatography of 12
liters OVE 201 culture medium. Peak A was collected and further
analyzed by CI-MS as the permethyl derivative. Figure 2B shows
the GC trace obtained for peak A and Figure 3A shows its CI
spectrum. This spectrum contained the same ions as that obtained
from authentic zeatin (Fig. 3B). From their chromatographic
positions on Sephadex LH20, GC, and reverse-phase HPLC, their
UV and mass spectra, the minor peaks of biological activity from
OVE culture media (fractions I, 23) were identified as zeatin.
Table I includes data on io6Ade isolations from moss culture
media. Using the recovery of ['4C]benzylaminopurine as a stand-
ard, we estimated that on average 65% of the cytokinin was
recovered during the extraction procedure.

Table I. Cytokinin Content of Moss Culture Medium
Concentrated culture media from all cultures other than OVE 78 were

partitioned against butanol and chromatographed on Sephadex LH20.
Biological activity in the region of i6Ade detected by the soybean callus
assay was further analyzed directly by MS. Activity in the region of io6Ade
was purified by HPLC and then analyzed by GC-MS. For further details
see text and ref. 23. Measurements are based on UV absorption of the
isolated compounds atA.- Those marked with an asterisk were estimated
from data obtained from the soybean callus bioassay. Values in ,ug/g fresh
wt are based on the yield of cytokinin obtained from the tissue obtained
at the end of the growth period. Nd = not detected.

Cytokinin Content in Culture Medium
Strain

i6Ade Zeatin

nm ,ug/g fresh wt nM ,ug/gfresh wt
WT <1* <0.04* <0.2* <0.004*
OVEA200 60 7.20 5.0 0.300
OVEA78 100 5.70 nd nd
oveBlOO 25 5.30 1.1 0.270
OVEC200 23 4.60 <0.5* <0.100*
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FIG. 2. A, HPLC profile of fraction I from the culture medium ofOVE
201. Medium from an OVE 201 culture was partitioned against butanol
and subjected to Sephadex LH-20 chromatography. An aliquot from
fraction I was chromatographed on Hypersil ODS with 12% acetonitrile in
water. Peak A eluting in the region of zeatin was collected for further
analysis. cis-zeatin would have eluted about I min later. B, GLC profile of
Peak A from HPLC (Fig. 2A). Peak A from HPLC was collected, per-
methylated, and chromatographed on 2% SE33 at 210 C. The major peak
(arrowed) eluted at the retention time of zeatin (cis-zeatin would have
eluted about 0.5 min earlier).
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FIG. 3. A, CI mass spectrum of the minor cytokinin from OVE 201
culture medium. Fraction I from Sephadex chromatography, purified as

described in the text, was permethylated and analyzed by GC-MS. Spectra
were recorded on an AEI MS30 with ammonia as the ionizing gas. B, CI
mass spectrum of zeatin. Ten ,ug of authentic zeatin was permethylated
and analyzed by GC-MS as in Fig. 3A. For the nature of the fragment
ions see ref. 24.

DISCUSSION

In a previous report (23) it was demonstrated that the gameto-
phore over-producing mutants OVE 100 and OVE 78 of P. patens
produced i6Ade which was present in significant quantities in the
culture media. A second peak of biological activity was also
detected by the soybean callus assay in OVE 100 culture medium.

In the current investigation, further OVE mutants and WT tissue
have been tested for their cytokinin production. The second peak
of activity has been identified as zeatin from its chromatographic
behavior and mass spectrum. In all cases, zeatin occurs at much
lower levels than i6Ade in the culture medium.

It has not yet been possible to identify any cytokinins in WT
culture medium or tissue inasmuch as they occur in the former at
least 100-fold less a concentration than that in OVE and their
presence is intimated only by bioassay.

Zeatin was not detected in OVE 78 culture medium perhaps
due to the bioassay employed. OVE 201 which falls into the same
complementation group as OVE 78 has been demonstrated here
to contain significant quantities of zeatin in its culture medium,
and hence, it is likely that OVE 78 produces some but too little
zeatin to detect. OVE 200 is a similar instance. In this case, zeatin
was only detected by bioassay and not enough available for further
analysis. Nevertheless, it is clear that OVE mutants which over-
produce gametophores are, in addition, indeed cytokinin over-
producers. This latter characteristic is highly likely to be respon-
sible for the former inasmuch as a high concentration of cytokinin
applied to WT tissue will induce a response which is an imitation
of the OVE phenotype (1). In this study, representatives of each
of the three OVE complementation groups have been examined
for cytokinin production and all export elevated levels, with regard
to the WT, of the same cytokinins. We have not yet been able to
distinguish between the roles of the three gene products which
must be involved in determining normal cytokinin levels in the
WT.
One of the techniques examined here, CIMS of permethylated

cytokinins, has been reported recently by Claeys and co-workers
(8) for the identification ofAgrobacterium tumefaciens cytokinins.
Permethylation has been employed before for cytokinin analysis
(19, 24) and its advantages are 2-fold: only one derivative per
cytokinin is formed and the intensities of the molecular ions are
increased relative to TMS derivatives. When coupled with CIMS
the advantages are increased. The quasi-molecular ion (MH+) is
the most abundant ion in the spectrum and its m/e value for
complex cytokinins (such as glucosides and ribosyl glucosides) is
far lower than the respective TMS derivatives (22). Hence, it is
hoped that such a technique will help in the identification of very
small quantities of cytokinin that are likely to be present in WT
mosses.
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