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SUMMARY

The protonemata ofFunaria hygrometrica Hedw. were shown tophotorespire, first by demonstrating

that immediately after a period of illumination oxygen was consumed at a rate greater than that

characteristic oflong-termdark respiration, and secondlyby observinga greater release of 14CD
2
from

1 -

14C glycolatein light than in darkness. The glycolate-oxidizing enzyme had theabilitytodecompose

L(-) lactate but notD (-) lactate,and must therefore be considered tobe a glycolate oxidase and nota

glycolate dehydrogenase such as operative in some algae. Some implications of these findings are

discussed.

1. INTRODUCTION

In the past few years, a greatdealof attentionhas been given to photorespiration,

i.e., the production of C0
2

in the light from recently formed photosynthate

(Chollet & Ogren 1975, Goldsworthy 1969, Jackson & Volk 1970, Zelitch

1971). Iftheprocess is only wasteful, as claimed by some, greater crop-yields could

conceivably be obtained by inhibiting it (Lawyer & Zelitch 1978, Servaites &

Ogren 1977, Zelitch 1966,1978, Zelitch& Day 1968). It is also imperative to

study the interactionbetween photorespiration and otherbiochemicalprocesses,

especially photosynthesis (Bully et al. 1969, Osmond & Bj5rkman 1972,Paulet

al. 1975, Rastorfer & Higginbotham 1968). Unfortunately, understanding

photorespiration in a particular plant species does not mean that the process is

fully understood in all green plants. Different plant materials not only have

different rates of photorespiration, they often use differentenzymes or may not

photorespire at all. Thus far, most of the work concerned withphotorespiration
has been done with terrestrial angiosperms and with algae. Several differences

have been found in the manner in which different plant species handle the

important photorespiratory intermediateglycolate. Algae may eitheroxidize this

compound by using glycolate oxidase, or they may employ glycolate dehy-

drogenase (Collins & Merrett 1975, Floyd & Salisbury 1977, Frederick etal.

1976, Frederick et al. 1973, Hough & Wetzel 1972, Merrett & Lord 1973,

Paul et al. 1975); they may also excrete the glycolate (Tolbert & Zill 1956,
Tolbert 1963). Terrestrial angiosperms, on the other hand, can only oxidize

glycolate by means of glycolate oxidase.

Very little is known about the photorespiration of Bryophytes, although a

survey of their gametophytes by Dilks (1976) has shown that a great numberof

species do photorespire, probably through a mechanism similar to thatof algae.
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The present investigation is concerned with the question of whether the pro-

tonemata ofFunaria hygrometrica photorespire and, ifso, what mechanismthey

use to handle glycolate.

2. MATERIALS AND METHODS

Unopened capsules of Funariahygrometrica were collected at Discovery Park in

Seattle, Washington. They were brought to the laboratory, washed,and sterilized

in undiluted chlorox for 5 minutes. This was followed by rinsing, drying, and

storage understerileconditions.To start a culture,several capsules were opened in

sterile water,and aliquots were transferred to sterile Kofler’s medium B (Kofler

1959) with asterile pipette. Cultures were grown in a lighted incubatorat 5 C for

2-3 months. The low growth temperature was adopted to discourage the

formationof buds followed by differentiationinto gametophytes (Bopp 1959).
Prior to each experiment, cultures were checked under the microscope for con-

taminationand for signs of differentiation.

Measurementsof 0
2-production by photosynthesis or consumption by res-

piration were done in a YSI Model53 oxygen-monitor, equipped with a YSI5301

stirred bath and a Lauda K2 thermoregulator set to run at 25 °C. Light (when

needed) was provided by a focused 100watt GE spot bulb and was passed through

a layerofcirculating water 7 cm thick. Theintensity was heldconstant at 500 W.m
2

(=5 x 10
5

ergs.cm"
2 , sec"') by adjusting a diaphragm. The solution in which

dissolved 0
2

was measured consistedof3 mlofa 0.3 M mannitol-solutionwith0.5

mM NaHCOj and 10 mg (fresh wt.) protonemata, at pH 7.2. When 100%

airsaturated, this solution contains approximately 240 mM 0
2 (Chevalier &

Douce 1976).

Releaseof14C0
2

from 1
-

l4
C glycolate was followedin thelight and the dark by

capturing the released 14C0
2

on a filter paper wetted with ethanolaminein the

center wellof Warburg vessels. The protonematal filaments, in phosphate buffer,

pH 5.6, were kept in the main compartment. Light was supplied by several flood

lamps, and was passed through a layer of circulating water 10 cm thick. The

temperature was held constant at 27 °C. After the incubationperiod, the filter

papers were immediately immersed in a scintillation fluid composed of toluene-

omnifluor-trition andshakenfor 1 hour at room temperature. Radioactivity was

determinedby using a Packard 3000 liquid scintillationcounter. In some experi-

ments the protonemata were first fragmentized into short sections composed of

from 3 to 10 cells by a short burst of high-intensity sonication. This prevented

clumping of the filamentsand thus promoted glycolate uptake. Filaments thus

treatedwere separated fromthe cell sap released from broken cells by several low-

speed centrifugations. The amount ofradioactivity absorbedand retainedby the

cellswas determinedby rapidly filtering and washing theprotonemata, digesting
in toluene, and counting a 0.1 ml sample in a toluene-omnifluor.Several para-

meters were changed, one at a time, in a series of theseexperiments, in an effort to

demonstrate the difference between the light- and the dark-release of 14C0
2

.

Experiment 4 (seefig. 2) was carried out with 15 mg protonemata,2 mlbuffer, and
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0.1 ml 3 M ethanolamine.Following a 1-hr equilibration period, 50 /d (6.25
1-14C glycolate was added and the vessels were sealed off from the atmosphere.

Incubationtimewas 2 hours.Experiment 5 was identicalexcept thatequilibration

time was reduced to 30 minutes. Experiment 8 was carried out with 13 mg

fragmentized protonemata, 1 ml buffer, and 0.05 mlethanolamine.Following 30

min.ofequilibration, 25 /zl (3.12 pCi) 1 -

14
Cglycolate was added. Incubationtime

was shortenedto 1 hour. Experiment 14was identical to experiment 8 except that

the equilibration was carried out in the absence ofethanolamineinstead of in the

absence of glycolate. For the determinationof the type of glycolate-oxidizing

enzyme present in an extract of Funaria hygrometrica protonemata, the 0
2

-

monitorwas used to determinethe ability ofthe extractto oxidizeL(-)orD(-)

lactate, as well as glycolate. The extract was prepared by grinding 160 mg of

protonemata in 10 ml phosphate buffer pH 7.0 with the aid of a glass-glass

homogenizer. The resultantslurry was centrifuged at 500 x g for 10 minutesand

the pellet was discarded. These steps were doneat 5 °C. To 1 mlofthis extract was

added 0.02 mlFMN to make the solution0.1 mM, and the mixturewas introduced

into an 0
2-monitoring cell. The apparatus was darkenedand the 0

2-monitoring

probe sealed over the cell. Awaiting-period ofa few minuteswasallowedto obtain

a basal rateof0
2 -consumption; then, 0.1 mlofeither0.2 M glycolate, 0.5 M D ( —)

lactate or 0.5 M L (-) lactate, or water (control) was injected, and the rate of0
2

-

consumption was determined.

3. RESULTS

3.1.
O2
-consumption after illumination

The production of0
2 by photosynthesis is a result of the photolysis of water, a

process which has an absolute requirement for light-energy. Photorespiration
also requires light; however, unlike the photolysis of water, photorespiration is

not an energetically unfavorable process, therefore the requirement for light is

something ofa differentcomplexion and mayeven be indirect (see the discussion-

section for aconsiderationofthe roleoflight in photo respiration). Whena plant is

actively photosynthesizing in the light and the light is suddently turned off, the

photosynthetic production of 0
2

is immediately stopped. Photorespiration,

however, which is also proceeding in the light, continuesfor a short time, because

its requirement for light is not as absolute.Plantswhich immediately after a period

ofactive photosynthesis demonstratea rateof0
2 -consumption in the dark which

is considerably greater than that of long-range dark-respiration, can be said to

photorespire.

Infig. 1, the rate of0
2
-consumption immediately after a period ofillumination

is approximately 2 1/2 times the eventual rate of0
2-consumption which reflects

dark-respiration. This indicates that the protonemata of F. hygrometrica are

photorespiring in the light, at a rate considerably greater than that of dark-

respiration.
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Fig. I. Rate of0
2-production/02 -consumption in light and in darkness. The dotted line represents

the rate of 0
2 -consumption immediately after a period of photosynthesis.

Fig. 2, Rates of 1 *C0
2

release in light (XL) and in darkness (XD ) from protonemata fed with I - l4 C

glycolateunder various conditions (see text for these).
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3.2. Comparison of 14-C
O2

release from 1- 14 Cglycolate in light and

in dark

Further evidence for the existence of photorespiration in Funaria hygrometrica

protonemata comes fromthe comparison of the light- and dark releaseof
14

CQ
2

whenprotonemataare fed 1 - 14C glycolate. The glycolate is rapidly absorbedand

metabolized to CO, in both the light and the dark. Although the rates of

absorption of 1-14C glycolate are the same,//#. 2 shows that the protonematain

the light release significantly more
14

C0
2
thantheprotonemata in the dark. The

statistical test chosen was a paired t-testbecause the parameters of each experi-

ment were different, causing the magnitude ofthe response to be differentinboth

the light and the dark (see Materialsand Methods section).

3.3 Demonstration of the presence of glycolate oxidase

All angiosperms investigated have shown the presence of the enzyme glycolate
oxidase. This flavo-protein oxidizes glycolate to glyoxylate, using 0

2
as an

electron acceptor and generating H
2
0

2
in the process which according to some

investigators plays a further role by oxidizing glyoxylate non-enzymically

(Glidewell & Raven 1976, Halliwell& Butt 1974, Kenten & Mann 1952).

Glycolate oxidase can be identified by its ability to oxidize, in addition to

glycolate, L (-) lactate butnot D (-) lactate. Many greenalgae utilizea different

enzyme for the oxidation of glycolate called glycolate dehydrogenase. This

enzyme does not use 0
2

as an immediate electron acceptor and thus does not

generateH
2
G

2, Glycolate dehydrogenase can be identifiedby its ability to oxidize

D (-) lactate but not L ( -) lactate in addition to glycolate.

Fig. 3. 0
2 -consuinpticm of an extract of Funaria hygrometrica protonemata upon confrontation

with water (control), glycolate, and D ( -) or L (-) lactate.
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Fig. 3 shows that when an extract of Funaria hygrometrica protonemata is

confrontedwith glycolate or L ( -) lactate, its 0
2-consumption rate is increased,

presumably dueto the activityofan oxidizing enzyme;however, whenconfronted

withD (-) lactate there is no response. This indicatesthat glycolate oxidase and

not glycolate dehydrogenase is responsible for the oxidation of glycolate in

Funaria hygrometrica protonemata.

4. DISCUSSION

Moss protonemataconstitute an interesting biological material to study because

of their position in the evolutionary hierarchy. Many (perhaps most) algae are

microscopic aquatic organisms which are often filamentous. Angiosperms are

macroscopic and terrestrial, usually possessing roots, stems, and leaves with

stomata. Mosses develop from an organism very much resembling an alga (the

protomema) to an organism very similar to a landplant (the gametophyte, which

has the same ploidy level as the protonema). Thus, thereis some reason to thinkof

the development of a moss plant as a recapitulation of what happened during
evolution.

We have here investigated the alga-like protonema and found that it does

photorespire, while with respect to its glycolate-oxidizing enzyme its photores-

piration resembles that ofa landplant. One must remember,however, thatnot all

algae use glycolate dehydrogenase to oxidize glycolate, in fact it is only the

unicellular algae which employ this enzyme (Dilks 1976, Floyd & Salisbury

1977, Frederick et al. 1976). The presence of glycolate-dehydrogenase might
then be considered a primitive characteristic which moss protonemata have

progressed above or beyond.

Photorespiration in the protonemataof Funariahygrometrica appears to be a

rapid process when one considers the results of our 0
2-monitoring experiments;

however, it is barely detectable in experiments dealing with the releaseof
14

C0
2

from 1- 14C glycolate. How can we reconcile the two cases? To answer this

question, we must consider what the role of light is in photorespiration. The

simplest hypothesis is that in the light,dueto activephotosynthesis, larger pools of

glycolate are created than those available in the dark; the increased rate of

photorespiration would then be due to an increase in substrate concentration.

Support has come fromthe work of Bully et al. ( 1969) in which it was shown that

in radish plants the action-spectrum for photosynthesis is identical with that for

photorespiration. This indicates that chlorophyll is the acceptor-pigment for

photorespiration (as wouldbe expected ifthe rate ofphotorespiration were indeed

controlled by the glycolate pool-size). However, our data indicate that in the

protonemataof Funariahygrometrica this is not the case; under the hypothesis,

one would expect the same amount of 14C to be released from introduced 1- 14C

glycolate in the light and in the dark. (Actually, one might even expect less 14C0
2

to be released in the light, since photosynthetically produced glycolate would be

unlabeled and might compete with the labeled glycolate for active sites on the

glycolate-oxidase.) It thus appears likely that light plays a dualrole in governing
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the rate of photorespiration: that of controlling the pool-size of glycolate, and

some otherroleas yet not understood.Experiments in which 1
-

14Cglycolate is fed

to protonemataprior to a sojourn in lightor in darknessignore the effect of pool-

size, in spite of the latter’s potential importance in controlling the rate of

photorespiration
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