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ABSTRACI

Nitrogenase activity was measured in leaves along the main stem axes
ofAzollapianata R. Br. The activity was negligible in leaves of the apical
region, rapidly increased to a maximum as leaves matured, and declined
in aging leaves. In situ absorption and fluorescence emission spectra were
obtained for individual vegetative cells and heterocysts in filaments of
the A. pinnata and AzolIa caroliniana endophytes removed from the
cavities of progressively older leaves. These spectra unequivocally dem-
onstrate the occurrence of phycobiliproteins in the two cell types of both
endophytes at the onset of heterocyst differentiation in filaments from
young leaves, during the period of maximal nitrogenase activity in fila-
ments from mature leaves, and in filaments from leaves entering senes-
cence. Phycobiliproteins of the A. caroliniana endophyte were purified
and extinction coefficients determined for the phycoerythrocyanin, phy-
cocyanin, and allophycocyanin. The phycobiliprotein content and comple-
ment of sequential leaf segments from main stem axes and of vegetative
cell and heterocyst preparations were measured in crude extracts. There
was no obvious alteration of the phycobiliprotein complement associated
with increasing heterocyst frequency of the endophyte in sequential leaf
segments and the phycobiliprotein complement of heterocysts was not
appreciably different from that of vegetative cells. These findings indicate
that the phycobiliprotein complement of the vegetative cell precursor is
retained in the heterocysts of the endophyte.

Sporophytes of the heterosporous aquatic ferns in the genus
Azolla exhibit floating, multibranched stems bearing deeply bi-
lobed leaves and adventitious roots (14). A symbiotic, heterocys-
tous cyanobacterium, Anabaena azollae Strasb., which occurs in
specialized cavities formed in the fern's aerial dorsal leaf lobes
(4, 12, 14), can provide the associations with their total N
requirements via N2 fixation (17, 20). The leaves along each stem
axis represent an ontogenetic sequence of leafdevelopment. The
Anabaena filaments in the leaf cavities undergo differentiation
and development in parallel with the fern. Undifferentiated
Anabaena filaments associated with the stem apices are parti-
tioned into developing leaf cavities where they differentiate het-
erocysts (14). In the cavities of mature leaves heterocysts may
account for 30% of all Anabaena cells (8, 9). Nitrogenase activity
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increases with the increasing heterocyst frequency. Therefore,
most analyses of nitrogenase activity associated with progres-
sively older leaves, or groups of leaves, from stem axes ofAzolla
caroliniana (10, 19), Azolla filiculoides (9, 26), and Azolla pin-
nata (26), have revealed negligible activity in the apical segments
followed by a rapid increase, a leveling off, and a decline as the
leaves senesce. An exception is a report of two distinct maxima
of nitrogenase activity, and a suggestion of two separate genera-
tions of heterocysts, in A. caroliniana and A. pinnata (1).
The phycobiliproteins of heterocystous cyanobacteria often

are considered to be associated primarily with PSII in vegetative
cells and to be absent, or greatly diminished, in the heterocysts
since they exhibit only PSI activity (7). However, PBP3 occur in
the heterocysts ofAnabaena variabilis (11, 21), an Anabaena sp.
(32), and Azolla endophytes (1, 29). In the A. caroliniana endo-
phyte, which contains PEC, PC, and APC (28), action spectra
have shown that these accessory pigments effectively harvest light
energy for both 02 evolution (24) and PSI-linked, nitrogenase-
catalyzed acetylene reduction (29). PBP in A. variabilis hetero-
cysts effectively promote light-dependent nitrogenase activity
and sensitize P-700 oxidation (21).

In this study we determine the profile of nitrogenase activity
in progressively older leaves of A. pinnata and compare the in
situ PBP and Chl absorption, and PBP fluorescence, ofindividual
vegetative cells and heterocysts in filaments of the A. pinnata
and A. caroliniana endophytes removed from separate and pro-
gressively older leaf cavities. This is followed by a more detailed
analysis of the A. caroliniana symbiosis. The total PBP and
complement of PEC, PC, and APC are determined for endophyte
filaments in progressively older leaves in an effort to assess any
alteration that might be attributed to increasing heterocyst fre-
quencies. This is complemented by similar analyses on vegetative
cell and heterocyst fractions obtained from endophyte prepara-
tions encompassing all developmental stages.

MATERIALS AND METHODS

Plant Material and Growth Conditions. Azolla caroliniana
population wt-v-cfand the Malaysian Azolla pinnata population
br-m-cffrom the Battelle-KetteringAzolla culture collection were
grown on N-free medium (20) using a 16/8 h, 26 + 1/19 ± 1°C
diurnal cycle. A combination of cool-white fluorescent and in-
candescent lights provided a photosynthetic photon flux density
of 200 ME-m-2.s-' as measured with a Lambda L1-1905 quan-
tum sensor. Cultures were maintained in a manner to circumvent
diminished growth associated with high plant density (20). Ana-
baena cylindrica 1403/2a was grown as described previously
(23).

3Abbreviations: PBP, phycobiliproteins; PEC, phycoerythrocyanin;
APC, allophycocyanin; PC, phycocyanin.
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Phycobiliprotein Extraction and Determination of Extinction
Coefficients. Anabaena azollae was isolated from A. caroliniana
leaf cavities using the gentle roller method (17). Isolation and
initial purification of PBP were based on previously described
procedures (28, 29). Absorption spectra were obtained with a
Cary 11 8C spectrophotometer. The absorption maxima of PEC,
PC, and APC in 2.5 mm sodium phosphate buffer (pH 7.0)
occurred at 572, 612, and 647 nm, respectively. Absorption at
each of these wavelengths was used along with protein concen-
trations to determine extinction coefficients for the individual
phycobiliproteins (Table I). Equations for calculating the PBP
concentration in crude extracts were derived by combining the
extinction coefficients with three simultaneous equations (Table
I), essentially as described by Bennett and Bogorad (2). However,
all of the data concerning concentrations of individual PBP in
crude extracts presented in this study were obtained using a
computer program developed by Dr. J. W. McDonald of this
laboratory. This program was based on Cramer's Rule and
incorporated a correction for residual Chl absorption.

Phycobiliprotein Content and Distribution as a Function of
Leaf Age and Cell Type. To determine PBP content of the
endophyte as a function of leaf age, dissected main stem axes
were prepared as described previously (10). The number of main
stem axes trimmed in each study was sufficient to provide a
minimum of 0.2 g fresh weight for each group of segments after
dissection of the axes into sequential segments and combining
those of the same leaf sequence. For extraction of PBP, entire
plants, main axes, and groups of segments corresponding to
sequential stages in the ontogenetic sequence ofleafdevelopment
were individually ground in 2.5 mM sodium phosphate contain-
ing 20 mm ascorbic acid and 1% (w/v) Polyclar AT, final pH
7.0, using a motor-driven Teflon homogenizer. Grinding buffer
was used at 20 ml/g fresh weight. Homogenized material was
passed twice through an Aminco French pressure cell at 20,000
p.s.i. and centrifuged at 80,000g for 60 min. Absorption spectra
of the supernatants were obtained and the total PBP as well as
the relative amounts of PEC, PC, and APC determined as
described above.

Absorption and Fluorescence Spectroscopy of Individual Cells.
Filaments of the endophytes from A. caroliniana and A. pinnata
were obtained from progressively older leaves along the main
stem axis of the ferns. Ferns were randomly selected and studies
were duplicated using two separate cultures of each species.
Immediately prior to use, an individual leaf was excised from
the main stem axis and the cavity teased open under a dissecting

Table I. Extinction Coefficients ofPurified Anabaena azollae
Phycobiliproteins in 2.5 mM Sodium Phosphate Buffer (pH 7.0) and
Equationsfor Determining Phycobiliprotein Concentrations in Crude

Extracts

Extinction Coefficientsa
Phycobiliprotein

X= 572 nm X= 612 nm X = 647 nm

mi/mg- cm
PEC 7.052 ± 0.512 2.059 ± 0.509 0.077 ± 0.022
PC 3.940 ± 0.263 6.551 ± 0.620 1.153 ± 0.290
APC 1.650 ± 0.394 3.321 ± 0.767 4.569 ± 1.128

' Mean of 10 determinations ± SD.

rPEC1 = A5,2 0.619(A612) + 0088(A647)
5.775

[PC] 1.165(A612) - 0.727(A"7) - 0.332(A572)
5.483

[APC] 0.049(A572) -0.205(A612) + A64,
4.001

microscope to free filaments of the endophyte. For spectroscopy,
endophyte filaments from individual leaf cavities of a known
developmental age and filaments ofA. cylindrica were placed on
a microscope slide and sealed under a coverslip with dental wax.
Spectroscopy was essentially as recently described for Anabaena
variabilis (1 1). Room temperature absorption and fluorescence
emission spectra of individual vegetative cells and heterocysts
were recorded with Tracor-Northern's DARSS (diode-array rapid
scanning spectrophotometer) coupled to a Leitz Ortholux II
microscope and a Tracor Northern model 1710 mainframe,
supplemented by modules for signal averaging, photometric
processing, and wavelength calibration (1 1). An aperture placed
in the back focal plane of the ocular limited the field of view to
a single cell. Isolation of 546 nm excitation light for fluorescence
measurements and procedures for measuring absorption spectra
were as described (1 1).
PBP Complement of Vegetative Cell and Heterocyst Prepa-

rations. Filaments of Anabaena azollae were isolated from A.
caroliniana by grinding fronds in N-free BG- 11 medium (27)
containing 1% PVP-40 (w/v), 7 ml/g fresh weight, for 60 s in a
cooled, motor-driven, Teflon homogenizer. The homogenized
material was sequentially passed through four and then eight
layers of cheesecloth and a 100 gm nylon mesh filter, rinsing
with grinding medium. The filtrate was centrifuged at full speed
in a clinical centrifuge for 20 s and the supernatant decanted.
The endophyte pellets were suspended in N-free BG- 11 medium
without PVP and centrifuged again. After decanting the super-
natant, the endophyte filaments in the pellets were suspended in
4 to 5 ml of 2.5 mm sodium phosphate buffer (pH 7.0). Due to
the heterogeneity of cell size in endophyte filaments (19), the
approach originally described by Fay and Walsby (5) and used
in a previous study (17) was found more suitable for obtaining a
heterocyst fraction from the endophyte than more recent proce-
dures (22). The resuspended pellets were passed twice through
an Aminco French pressure cell at 2000 p.s.i. and centrifuged
for 30 s in a clinical centrifuge. The supernatants, comprised of
disrupted vegetative cells, were decanted and centrifuged at
80,000g for 1 h. The pellets, which were estimated to contain
about 85 to 90% heterocysts, 10 to 15% akinetes, and no more
than 1% vegetative cells on the basis of phase contrast micros-
copy, were resuspended in buffer and subjected to two passes
through the pressure cell at 20,000 p.s.i. and centrifugation at
80,000g for 1 h. Absorption spectra of the extracts were recorded
with a Cary 11 8C spectrophotometer. The total PBP and the
complement of PEC, PC, and APC in the vegetative cell and
heterocyst enriched fractions were determined as described
above.
Other Determinations. For measuring nitrogenase activity as

a function ofleafage, main stem axes ofA. pinnata were prepared
as described previously for A. caroliniana (10). Analyses were
conducted using both individual leaves and pairs of leaves se-
quentially dissected from the axes beginning with the apical
segment. Triplicate samples of single leaves, and pooled leafpairs
of the same developmental stage, were placed in 1 ml vials
containing 0.25 ml of N-free growth medium (20) and allowed
to equilibrate at 25°C in the light, 200 ,E.m-2-ss', for 90 min.
The vials were sealed with crimp-caps, evacuated, flushed and
filled to a slightly positive pressure with 10% C2H2 in Ar. After
45 min ofincubation under the conditions used for equilibration,
0.25 ml of the gas phase was removed from each vial for analysis
in a Gow-Mac 750 gas chromatograph with other conditions as
described previously (I18). Chl was measured after extraction with
95% ethanol (30).

RESULTS
Profile of Nitrogenase Activity in Azolla pinnata. Analysis of

light dependent nitrogenase-catalyzed acetylene reduction in in-
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dividual leaves, and in pairs ofleaves, sequentially dissected from
main stem axes of A. pinnata resulted in the profiles shown in
Figure 1. Whether expressed on a per leaf basis (Fig. lA) or on

the basis of fresh weight or Chl from pooled leaf pairs (Fig. IB),
the profiles concur with those reported for this (26) and two
other Azolla species (9, 10, 19, 26). Low activity in the apical
region was followed by a rapid increase, a leveling, and a decline
with senescence. There was no indication of two distinct peaks
of nitrogenase activity (1).

Absorption and Fluorescence Emission Spectra of Individual
Vegetative Cells and Heterocysts. As with the A. caroliniana
endophyte (29), epifluorescence microscopy demonstrated the
qualitative occurrence of PBP in both vegetative cells and het-
erocysts of filaments of the A. pinnata endophyte removed from
leaf cavities where N2 fixation was maximal. In situ visible
absorption microspectrophotometry and fluorescence emission
microspectrofluorometry of individual cells provided a more
quantitative assessment of their Chl and PBP content. Repre-
sentative spectra obtained for the vegetative cells and heterocysts
of endophyte filaments removed from progressively older leaf
cavities ofA. pinnata and A. caroliniana are shown in Figs. 2, A
to J and 3, A to H, respectively. Spectra for Anabaena cylindrica,
which exhibited markedly diminished PBP in heterocysts using
epifluorescence microscopy (29), are presented for comparative
purposes in Fig. 3, I and J. Initial studies showed that within and
among filaments of the endophytes from individual leaf cavities,
and from cultures ofA. cylindrica, there was some minor varia-
tion in the spectra of individual vegetative cells and heterocysts.
Therefore, in each case we randomly selected five heterocysts
and five vegetative cells occupying similar positions in a filament.
The spectra of the individual cells were stored in the data

0

4)

01.

E .s

* E
U 3

0%

E cP

I It
CQ

xN
l

E E

o C

-Apical 3+4 7+8 11+12
Reg;0n

LEAF NUMBER
FIG. 1. Light-dependent nitrogenase-catalyzed acetylene reduction as

a function of leafage in main stem axes ofA. pinnata. Rates are expressed
on a per leaf basis (A) and, in a separate study, on the basis of fresh
weight (0) and Chl (0) using pooled leaf pairs (B). Points are the mean
of triplicate samples. Bars indicate SD where this exceeds size of symbol.
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FIG. 2. Absorption and fluorescence spectra, excited at 546 nm, of

individual vegetative cells and heterocysts in filaments of the A. pinnata
endophyte from progressively older leaf cavities.

memory, and computer averaged to obtain spectra representative
of an individual cell.
The Chl absorption of both cell types of the A. caroliniana

endophyte (Fig. 3, A-H) increased with leaf age and neither cell
type consistently exhibited a higher value. In the A. pinnata
endophyte (Fig. 2, A-J) Chl absorption was consistently greater
in heterocysts than in vegetative cells and only the heterocysts
exhibited a trend toward increasing Chl absorption as a function
of leaf age. This is clearly seen in Table II where the scatter at
750 nm has been subtracted from the absorbance of the Chl
maximum and the absorbance values of the individual cell types
normalized to that of leaf 1. Table II also shows the ratio of
heterocyst to vegetative cell Chl absorbance for the series of
determinations. Excluding the values for the A. pinnata endo-
phyte from leafnumber 9, the heterocyst/vegetative cell Chl ratio
is reasonably constant as a function of leaf age in both species.
It is important to note that an increase in Chl absorbance per
cell need not reflect an increase in Chl per unit volume. The size
of the endophyte vegetative cells increases in progressively older
leaf cavities (9) and micrographs show that individual cell types
within a filament can vary in size (1, 17, 29).
The occurrence ofPBP in heterocysts as well as vegetative cells

of both endophytes is unequivocally demonstrated by their ab-
sorption and fluorescence emission spectra (Figs. 2, A-J and 3,
A-H). The heterocysts ofboth endophytes have less PBP, relative
to the Chl, than the vegetative cells. The PBP absorption increases
in vegetative cells of the A. caroliniana endophyte with leaf age
(Fig. 3, A, C, E, and G), but is relatively constant in vegetative
cells of the A. pinnata endophyte (Fig. 2, A, C, E, G, and I) and
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FIG. 3. Absorption and fluorescence spectra, excited at 546 nm, of

individual vegetative cells and heterocyst in filaments of the A. caroli-

niana endophyte from progressively older leaf cavities (A-H) and in the

free-living cyanobacterium. A. cylindrica (I and J).

the heterocysts of both (Fig. 2, B, D, F, H, and J; Fig. 3, B, D,

F, and H). In comparison to the A. caroliniana endophyte (Fig.
3, A-H) both vegetative cells and heterocysts of the A. pinnata

endophyte (Fig. 2, A-J) exhibited more pronounced absorption
at about 580 nm. While this suggests the occurrence of more

PEG, the A. pinnata endophyte's PBP have not been isolated and

characterized. The intensity of PBP fluorescence from 546 nm

excitation was variable in both cell types of the two endophytes
as a function of leaf age but more so in vegetative cells than in

heterocysts (Fig. 2, A-J; Fig. 3, A-H). As indicated by the

respective scales, the intensity of PBP fluorescence from cells of

the A. caroliniana endophyte was greater than that from cells of

the A. pinnata endophyte. There also was some variation in the

shape of the individual fluorescence emission spectra obtained

for the two cell types of both endophytes.
In general, vegetative -cells of the A. pinnata endophyte (Fig.

2, A, C, E, G, and I) fluoresced maximally at 650 nm with a

prominent shoulder at 625 nm and a slight shoulder at 660 nm.

In one instance (Fig. 2G), the emission at 625 nm was as intense

as that at 650 nm. Its heterocysts (Fig. 2, B, D, F, H, and J)

generally showed an emission maximum at about 643 nm with

a prominent shoulder around 623 nm and, in some instances, a

slight shoulder at 658 nm. Vegetative cells of the A. caroliniana

endophyte (Fig. 3, A, C, E, and G) exhibited a major emission

at about 656 nm, a shoulder of variable prominence around 625

nm, and indications of a shoulder at about 675 nm. Its hetero-

cysts (Fig. 3, B, D, F, and H) showed a broader emission with

apparent maxima, or pronounced shoulders, from 625 to 650

nm and indications of shoulders around 660 and 675 nm. The

occurrence of strong shoulders or multiple peaks in the in situ

PBP fluorescence emission of both cell types of the two endo-

phytes, along with the absence ofany distinct indication of room

temperature PSII associated Chl fluorescence for vegetative cells,

suggests the emissions from the individual cells may arise from

a fraction of the cellular PBP which is uncoupled or not yet

assembled into phycobilisomes. Purified PEG, PC, and APC

from the A. caroliniana endophyte exhibit emission maxima at

630, 643, and 660 nm, respectively, using excitation at 540 nm

(28).
The absence of any clearly discernible room temperature Chl

fluorescence from the individual vegetative cells may be due to

its being masked by the intensity of the longwave tail of the PBP

fluorescence. Using a locally assembled apparatus constructed to

have good sensitivity in the red region (25) and excitation at

either 546 or 580 nm, the addition of 20 AmM DCMU to prepa-

rations of endophyte filaments isolated from all stages of leaf

development (19) resulted in an increase in room temperature

fluorescence emission at 690 nm clearly attributable to PSII
associated Chl (data not shown).
No attempt was made to determine the cause(s) ofthe variation

in the intensity of the PBP fluorescence emission from the

individual cells of the two endophytes. However, possible differ-

ences in the PBP complements of A. caroliniana vegetative cells

and heterocysts suggested by the spectra were investigated fur-

ther.

PBP Complement as a Function of Leaf Age. Since heterocyst

fr-equency increases with leaf age, it was postulated that differ-

ences in the PBP complement of the two cell types might be

detected in an analysis of PBP complement of the endophyte in

sequential leaf segments of main stem axes. The total PBP

content and the complement of PEG, PC, and APC in sequential

Table IL. Chi Absorbance ofIndividual Vegetative Cells (Veg) and Heterocysts (Het) ofA. caroliniana and A.
pinnata Endophytes as a Function ofLeafAge, their Normalization to LeafNumber 1 (in brackets) and the

Het/Veg Ratio
Chlorophyll absorption maxima of vegetative cells and heterocysts were located at 676 nm and 677 to 678

nm, respectively.
A. caroliniana A. pinnata

Leaf No.
Veg Het Het/Veg Veg Het Het/Veg

Apex 0.137 (0.54)
1 0.255 (1.00) 0.253 (1.00) 0.99 0.226 (1.00) 0.292 (1.00) 1.29
3 0.255 (1.13) 0.,329 (1.13) 1.29
5 0.258 (1.01) 0.306 (1.21) 1.19 0.227 (1.00) 0.306 (1.05) 1.35
9 0.298 (1.17) 0.305 (1.21) 1.02 0.168 (0.74) 0.346 (1.18) 2.06

13 0.393 (1.54) 0.413 (1.63) 1.05 0.275 (1.22) 0.381 (1.30) 1.39
17 0.420 (1.65) 0.389 (1.54) 0.93
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leaf segments were determined. The results of these analyses are
compared to one another, and to data obtained from undissected
main stem axes and entire fronds, in Figure 4. Based on prior
morphological studies (3, 4, 14) and the absorption spectra shown
in Figure 3, the increase in the total PBP with leafage is attributed
primarily to an increase in endophyte biomass in the first two
segments and an actual increase in the PBP content of the
endophyte's vegetative cells in the older two segments. When
expressed as a percentage of the total PBP content, the distribu-
tion of PEC, PC, and APC in main stem axes was very similar
to the combined averages ofall segments and compared favorably
with the distribution obtained for the entire fronds (Table III).
The absence of any distinct pattern of alteration in the PBP
complement of progressively older leaves on segments of the
main stem axis (Table III) indicated that either there was no
appreciable difference in the PBP complement of vegetative cells
and heterocysts or that the increasing PBP content of the vege-
tative cells in progressively older leaves (Fig. 3, A, C, E, and G)
was of sufficient magnitude to obscure any alteration of the PBP
complement associated with an increase in heterocyst frequency.
In an attempt to resolve this matter, the PBP complement in
vegetative cells of the endophyte was compared with that of
heterocysts.

Analysis of PBP Complement of Vegetative Cell and Hetero-
cyst Preparations. The results from three separate determinations
ofthe PBP complement ofvegetative cell and heterocyst fractions
obtained from endophytes isolated from entire fronds (17) are
summarized in Table IV. The PBP concentration (jig/ml) was

1.0
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FIG. 4. The total phycobiliprotein content an
coerythrocyanin (PEC), phycocyanin (PC), and;
in sequential leaf segments from main stem axes;
and, entire plants of A. caroliniana. Each value i
separate determinations and plotted as mean ± s

Table 111. PBP Complement, Expressed as Pe
PBP Content, in Sequential LeafSegments, k

Entire Fronds
PEC P(

Apex + leaves 1 and 2 25.4 ± 5.3 49.6
Leaves 3-7 22.4 ± 1.6 50.5 4

Leaves 8-12 19.6 ± 6.9 57.9 4

Leaf 13 -+ older 20.0± 1.5 53.9 :
Combined segments 21.9 ± 2.7 53.0 :
Main stem axes 22.3 ± 4.3 53.5 :
Entire fronds 22.0 ± 3.6 50.0 :

a Percentages are means ± SD of at least three
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Table IV. PBP Complement, Expressed as a Percentage ofthe Total,
in Extracts of Vegetative Cells and Heterocystsfrom Three (a-c)

Preparations ofthe A. caroliniana Endophyte

PEC PC APC

Vegetative
cells

a 16 55 29
b 18 47 35
c 19 42 39
X ± SD 17.5 1.5 48.0 6.6 34.3 5.0

Heterocysts
a 18 65 17
b 21 50 29
c 15 52 33
X ± SD 18.0 ± 3.0 55.7 ± 8.1 26.3 ± 8.3

different in each of the extracts but the distribution of the total
PBP between the vegetative cell and heterocyst fractions was
quite consistent with 85.7 ± 7.1% attributed to vegetative cells
and 14.3 ± 2.1% to heterocysts. In each individual determination
PC accounted for a greater, and APC for a lesser, percentage of
the total PBP in heterocysts than in vegetative cells (Table IV).
While suggestive of a subtle alteration of the PBP complement
in heterocysts relative to vegetative cells, we cannot exclude the
possibility that such a modest difference is a consequence of the
akinetes associated with the heterocyst preparations of the en-
dophyte.

DISCUSSION
Our analysis of nitrogenase activity along the ontogenetic

sequence of leaf development in A. pinnata R. Br. yielded a
profile consistent with studies (9, 10, 19, 26) in which this activity
was low or negligible in the apical region, increased to a maxi-
mum in mature leaves, and declined in aging leaves. Heterocyst
differentiation begins as filaments of the undifferentiated apical
Anabaena colony are partitioned into the developing leaf cavities
(14). These specialized cells are functional for a limited period
with the most rapid rates of nitrogen fixation occurring shortly
after their differentiation is completed. Since heterocyst fre-
quency increases in leaves exhibiting increasing nitrogenase ac-
tivity and then stabilizes, or increases only very modestly, in
mature leaves (8), it follows that the heterocysts in mature cavities
are of varying age and functional activity. The decline in nitro-
genase activity as the leaves age reflects, at least in part, the

MIi Sol sequential senescence of individual heterocysts in the order of
Axes Plants their prior differentiation. This interpretation of events is con-

id complement of phy- sistent with the findings in a recent study of the ultrastructural
allophycocyanin (APC) ontogeny of the leaf cavity trichomes and our current under-
intact main stem axes; standing of this symbiosis (3, 14).

is based on three to five A prior study showed that the energy absorbed by PBP effec-
D. tively promoted nitrogenase-catalyzed acetylene reduction in the

A. caroliniana endophyte and demonstrated the occurrence of
rcentage ofthe Total PBP in heterocysts of filaments removed from leaf cavities ex-fain Stem Axes, and hibiting maximal nitrogenase activity (29). In a contemporary

study (1), photomicrography was used to assess the absorption
C APC and fluorescence of Chl and PBP in filaments of Azolla endo-
a phytes. Heterocysts of the A. pinnata endophyte were reported

to have much less PBP and, relative to the vegetative cells, much
25.6 25.1 ± 4.0 more Chl than those of the A. caroliniana and A. filiculoides

_ 2.7 27.5 ± 3.6 endophytes.The room temperature absorption and fluorescence
8-4 22.5 ± 69. emission spectra of individual cells obtained in the present study8.4 26.1 ± 6.9 are more definitive than photomicrography of filaments. They
3.8 25.2 ± 1.9 provide quantitative rather than qualitative information on the

3
6.1 248. ± 320 pigment content and unequivocal evidence for the occurrence of_ 3.0 28.0 ± 3.0 PBP in both cell types of the A. caroliniana and A. pinnata

experiments. endophytes from the onset of nitrogenase activity in leaf 1 and

[]PEC
.aPC
12 APC

n TOTAL

B PEC .

t
-
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continuing through all progressively older leaves. There was no
indication of diminished PBP absorption by heterocysts of the
A. pinnata endophyte relative to those of the A. caroliniana
endophyte (1) removed from actively growing, N2-fixing associ-
ations cultured under conditions known to yield similar growth
rates and N content (20).

In contrast to free-living cyanobacteria (7, 31, 32), N starvation
and PBP degradation do not appear to be associated with the
transition from purely vegetative to heterocystous filaments in
the Azolla-Anabaena symbiosis. This difference may be attrib-
uted to the interaction of host-endophyte nitrogen and carbon
metabolism in this tightly coordinated and highly orchestrated
symbiosis in which the endophyte is never in direct contact with
the external environment and its nutritional status is controlled
by the fern (14, 15). Nitrogen fixed by the endophyte in mature
cavities is released and transported to the growing apices which
harbor actively dividing, undifferentiated Anabaena filaments
(10, 16). These filaments are intimately associated with special-
ized epidermal trichomes (4) which facilitate the partitioning of
the apical colony into developing leaf cavities and, based on
indirect evidence, are assumed to provide the interface through
which this apical colony receives nutrients, including combined
N, from the fern (3, 14). In mature leaf cavities the fern provides
the endophyte with photosynthate (16) possibly via a second
distinct population of epidermal trichomes (3, 4). It seems prob-
able that the initial induction of heterocysts as filaments are
partitioned into forming leaf cavities, and the high heterocyst
frequencies in filaments of mature cavities, may be linked to an
alteration of the endophyte C:N ratio via metabolites provided
to it by the fern. However, the details of such processes are not
known. It is clear from the studies presented here, however, that
both the differentiation of functional heterocysts in the early
stages of leaf cavity development and the subsequent differentia-
tion leading to high heterocyst frequencies in mature leafcavities
occurs in the absence of appreciable PBP proteolysis. The ab-
sorption and fluorescence emission spectra demonstrate the oc-
currence ofPBP in heterocysts from all stages ofleafdevelopment
with nitrogenase. This, along with the absence of any distinctive
alteration of the PBP complement with the increasing heterocyst
frequency of the endophyte and the similarity of the PBP com-
plement of isolated vegetative cells and heterocysts, strongly
suggest that during differentiation the heterocysts retain most, if
not all, of the PBP present in their vegetative cell precursor.
Yamanaka and Glazer (32) have recently discussed the differ-

ences between N starvation with heterocyst differentiation and
the heterocyst differentiation which occurs in actively growing
N2-fixing cultures exhibiting biliprotein-rich vegetative cells. In
the latter case, which has similarity to the situation in the Azolla-
Anabaena symbioses, their analysis showed that the PBP found
in heterocyst of Anabaena strain 7119 originate from the vege-
tative cell precursor as opposed to de novo synthesis during
heterocyst differentiation, and exist as multimeric complexes
capable of transferring absorbed light energy. Their studies also
indicated the occurrence of two separate and independently
regulated biliprotein degrading systems in free-living heterocys-
tous cyanobacteria. They termed these the nitrogen starvation
induced proteases and the differentiation proteases (32). The
former, which are more active on phycocyanin and phycoery-
thrin than on allophycocyanin and require continuous protein
synthesis (7, 31), would degrade entire phycobilisomes but be
most active on the rod components (6). The latter would be
specific for the components of the phycobilisome core (6),
thereby causing a loss of allophycocyanin and allophycocyanin
B during heterocyst differentiation from biliprotein-rich vegeta-
tive cell precursors (32). Since our analysis indicated that PC
accounted for a slightly greater, and APC for a slightly lesser,
percentage of the total PBP in heterocysts than in vegetative

cells, we cannot exclude the possibility that some differentiation
protease activity occurs in the A. caroliniana endophyte. How-
ever, some of the akinetes, which invariably occur in older leaf
cavities ofA. caroliniana (19), were found to contain phycobilin
using epifluorescence microscopy and akinetes accounted for 10
to 15% of the total cells in each of our heterocyst preparations.
This precludes our attributing undue significance to the small
differences in the complement of PEC, PC, and APC in the
vegetative cell and heterocysts. Clearly, any alteration of the
complement in the endophyte heterocysts is much less dramatic
than in those free-living Anabeana whose heterocysts contain PC
but very little or no APC (21, 32). Due to the foregoing, the
possibility that differences in the fluorescence emission spectra
ofthe A. caroliniana endophyte's vegetative cells and heterocysts
may result from subtle alterations in their PBP complement
cannot be excluded. Levels of allophycocyanin B were not deter-
mined in the present study but they could be a contributing
factor to the differences in the fluorescence emission spectra of
the two cell types. It is also possible that the differences reflect
events associated with the turnover of PSII components and the
rearrangement of the photosynthetic apparatus in heterocysts.
Yamanaka and Glazer (32) have speculated that a 20 K polypep-
tide component of the heterocyst phycobiliprotein particle may
function in the attachment of heterocyst PBP particles to the
photosynthetic lamellae during such rearrangement.
The results presented here and in other recent studies (21, 32)

strongly suggest that the heterocysts of at least some cyanobac-
teria constitute an exception to the strict structural-functional
association between phycobilisomes and the PSII complex so
convincingly demonstrated in the unicellular Synechococcus
(13). The retention of a full complement of PBP in heterocysts
of the endophytes is consistent with their ability to actively
participate in light-harvesting for the PSI-linked process of nitro-
gen fixation (29). The occurrence of PBP in heterocysts of free-
living Anabaena may have ecological importance by making
more effective use of available light. Their occurrence in heter-
ocysts of the Azolla endophytes is assumed to serve a similar
function since Azolla attenuates the light which reaches Ana-
baena in the leaf cavities. It has been asserted that the occurrence
of PBP in heterocysts of Azolla endophytes implies a less favor-
able environment for nitrogenase (1). We would argue, however,
that PBP associated with PSI in the heterocysts of an organism
whose principle function is photosynthetically driven ammonia
production, but resides within the confines of a green leaf, is a
reasonable adaptation which may well confer benefits to the
productivity of the associations.

Acknowledgments-The authors are indebted to Dr. E. Dolan for invaluable
assistance in obtaining the absorption and fluoresence emission spectra, R. E. Toia,
Jr. for technical assistance, S. Dunbar and M. Tootle for assistance in preparations
of figures, and D. Patten for clerical assistance. We also thank Drs. E. Dolan, B. H.
Marsh, B. C. Mayne, J. C. Meeks, and G. R. Seely for helpful discussions and
comments.

LITERATURE CITED

1. BECKING JH, M DONZE 1981 Pigment distribution and nitrogen fixation in
Anabaena azollae. Plant Soil 61: 203-226

2. BENNETT A, L. BOGORAD 1973 Complementary chromatic adaptation in a
filamentous blue-green alga. J Cell Biol 58: 419-435

3. CALVERT HE, MK PENCE, GA PETERS 1985 The ultrastructural ontogeny of
leaf cavity trichomes in Azolla implies a functional role in metabolite
exchange. Protoplasma 129: 10-27

4. CALVERT HE, GA PETERS 1981 The Azolla-Anabaena relationship IX. Mor-
phological analysis of leaf cavity hair populations. New Phytol 89: 327-335

5. FAY P, AE WALSBY 1966 Metabolic activities of isolated heterocysts of the
blue-green alga Anabaena cylindrica. Nature 209: 94-95

6. GLAZER AN 1985 Light harvesting by phycobilisomes. Annu Rev Biophys
Chem 14: 47-77

7. HASELKORN R 1978 Heterocysts. Annu Rev Plant Physiol 29: 319-344
8. HILL DJ 1975 The pattern ofdevelopment ofAnabaena in the Azolla-Anabaena

symbiosis. Planta 122: 179-184
9. HILL DJ 1977 The role of Anabaena in the Azolla-Anabaena symbiosis. New

889



890 KAPLAN ET AL.

Phytol 78:611-616
10. KAPLAN D, GA PETERS 1981 The Azolla-Anabaena relationship X. "N2

fixation and transport in main stem axes. New Phytol 89: 337-346
11. KE B, ZX FANG, RZ Lu, HE CALVERT, E DOLAN 1983 The presence of

phycobilisomes in heterocysts of Anabaena variabilis. Photobiochem Pho-
tobiophys 6: 25-31

12. KONAR RN, RK KAPOOR 1972 Anatomical studies on Azolla-pinnata. Photo-
morphology 22: 211-233

13. MANODORI A, A ALHADEFF, AN GLAZER 1984 Photochemical apparatus
organization of Synechoccus 6301 (Anacystis nidulans). Effect of phycobili-
some mutation. Arch Microbiol 139: 117-123

14. PETERS GA, HE CALVERT 1983 The Azolla-Anabaena azollae symbiosis. In LJ
Goff, ed, Algal Symbiosis. Cambridge University Press, New York, pp 109-
145

15. PETERS GA, HE CALVERT, D KAPLAN, 0 ITO, RE ToIA JR 1982 The Azolla-
Anabaena symbiosis: Morphology, physiology and use. Israel J Bot 31: 305-
323

16. PETERS GA, D KAPLAN, JE MEEKS, KM BUZBY, BH MARSH, JL CORBIN 1985
Aspects of nitrogen and carbon interchange in the Azolla-Anabaena sym-
biosis. In PW Ludden, JE Burris, eds, Nitrogen Fixation and CO2 Metabo-
lism. Elsevier, New York, pp 213-222

17. PETERS GA, BC MAYNE 1974 The Azolla-Anabaena azollae relationship. I.
Initial characterization of the association. Plant Physiol 53: 813-819

18. PETERS GA, BC MAYNE 1974 The Azolla, Anabaena azollae relationship. II.
Localization of nitrogenase activity as assayed by acetylene reduction. Plant
Physiol 53: 820-824

19. PETERS GA, TB RAY, BC MAYNE, RE ToIA JR 1980 Azolla-Anabaena associ-
ation: Morphological and physiological studies. In WE Newton, WH Orme-
Johnson, eds, Nitrogen Fixation, Vol 2. University Park Press, Baltimore,
pp 293-309

20. PETERS GA, RE ToIA JR, WR EVANS, DK CRIST, BC MAYNE, RE POOLE 1980
Characterization and comparison of five Nrfixing Azolla-Anabaena associ-
ation. I. Optimization of growth conditions for biomass increase and N
content in a controlled environment. Plant Cell Environ 3: 261-269

Plant Physiol. Vol. 80, 1986

21. PETERSON RB, E DOLAN, HE CALVERT, B KE 1981 Energy transfer from
phycobiliproteins to photosystem I in vegetative cells and heterocysts of
Anabaena variabilis. Biochim Biophys Acta 634: 237-248

22. PETERSON RB, CP WOLK 1978 High recovery of nitrogenase activity and of
"Fe-labeled nitrogenase in heterocysts isolated from Anabaena variabilis.
Proc Natl Acad Sci USA 75: 6271-6275

23. RAY TB, GA PETERS, RE TOIA JR, BC MAYNE 1978 Azolla-Anabaena relation-
ship. VII. Distribution of ammonia-assimilating enzymes, protein and chlo-
rophyll between host and symbiont. Plant Physiol 62: 463-467

24. RAY TB, BC MAYNE, RE TolA JR, GA PETERS 1979 Azolla-Anabaena relation-
ship. VIII. Photosynthetic characterization of the association and individual
partners. Plant Physiol 64: 791-795

25. SEELY GR, ER SHAW 1985 Fluorescence yields of N,N'-dimyristoylindigo:
effect of solvent polarity. J Photochem 28: 559-567

26. SHI DJ, JG Li, ZP ZHONG, FZ WANG, P ZHu, GA PETERS 1981 Studies on
nitrogen fixation and photosynthesis in Azolla imbricata (Roxb) and Azolla
filiculoides Lam. Acta Bot Sin 23: 306-315 (in Chinese)

27. STANIER RY, R KUNISAWA, M MANDEL, G COHEN-BAZIRE 1971 Purification
and properties of unicellular blue-green algae (order Chroococcales). Bacte-
riol Rev 35: 171-205

28. TYAGI VVS, BC MAYNE, GA PETERS 1980 Purification and initial characteri-
zation of phycobiliproteins from the endophytic cyanobacterium of Azolla.
Arch Microbiol 128: 41-44

29. TYAGI VVS, TB RAY, BC MAYNE, GA PETERS 1981 The Azolla-Anabaena
relationship. XI. Phycobiliproteins in the action spectrum for nitrogenase-
catalyzed acetylene reduction. Plant Physiol 68: 1479-1484

30. WINTERMANS JFGM, A DEMOTS 1965 Spectrophotometric characteristics of
chlorophylls a and b and their pheophytins in ethanol. Biochim Biophys
Acta 109: 448-453

31. WOOD NB, R HASELKORN 1980 Control of phycobiliprotein proteolysis and
heterocyst differentiation in Anabaena. J Bacteriol 141: 1375-1385

32. YAMANAKA G, AN GLAZER 1983 Phycobiliproteins in Anabaena 7119 heter-
ocysts. In GC Papageorgiou, L Packer, eds, Photosynthetic Prokaryotes: Cell
Differentiation and Function. Elsevier, New York, pp 69-90


