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Materials and Methods

Beltsville, MD 20705-2350 yellow florets; slight-yellow = lighter green
. . and slight yellow florets visible; half-yellow =
Charles A. Murphy and William P. Wergin green and yellow florets presentin about equal

Nematology Laboratory, Beltsville Agricultural Research Center, Agricultueathounts; full-yellow = most of the florets light
Research Service, U.S. Department of Agriculture, Beltsville, MD 20705-2880w; dark-yellow = all florets dark yellow.
For analysis by light microscopy, the heads
Additional index wordsbroccoli, ultrastructure, chloroplast, SEM, TEM, freeze-fracture were placed in a perforated polyethylene bag
at 20°C. Florets were detached daily from a
single head to obtain successive stages of
L§enescence, and immersed in a 2% warm agar

Abstract. Structural changes in chloroplasts of broccoli Brassica oleraced.., Italica
group) florets during senescence were examined using light microscopy, scanning electro
microscopy (SEM) with freeze-fracture technique, and transmission electron microscopy S P [

(TEM) to better understand the process of chloroplast degradation, particularly at the ;gms Cvg]saarl)litvr\;gclist% ;-ge"? ge:;?rcingé?;;l;g;:g
advanced stage of senescence. Light microscopy revealed that chloroplasts, which initiallyéIicecl into 5um-thick sections. For SEM and
were intact and green, became obscure in shape, and their color faded during senescen EM observations short-stehmed branchlets
Small, colored particles appeared in cells as the florets approached the final stage o eighing=30 g wére excised from a head
senescence and became full- to dark-yellow in color. Scanning electron microscopy show aced individually in 100-mL beakers con-’
that stroma thylakoids in the chloroplast initially were parallel to each other and grana taining sufficient water to cover the base of the
thylakoids were tightly stacked. As senescence advanced, the grana thylakoids degeneg—tem and stored afC. One beaker contain-
ated and formed globules. The globules became larger by aggregation as senescen% th’e branchlets was transferred daily from 1
progressed, and the large globules, called “thylakoid plexus,” formed numerous vesicles 0 20°C for 6 d to obtain florets of different
The vesicles ultimately were expelled into the cytosol, and the light microscope reveale tages of senescence. The sepals were re-
many colored particles in the senescent cells. These results indicate that the degradatioH]OVed from the florets and prepared for ex-
of chloroplasts in broccoli florets progresses systematically, with the final product being amination by electron microscopy.

colored particles, which are visible in yellow broccoli sepal cells. For observation of freeze-fractured speci-

mens, sepals of florets were fixed in 2% (w/v)
Structural changes in chloroplasts haveand leaves of morning glorijpomoeaniL.)  OsQ, in phosphate buffer (On, pH 7.4) for 2
been studied with both scanning electron miRoth] (Toyama, 1980). h. Following fixation, one set of specimens
croscopy (SEM) (Blackmore et al., 1984; Gepstein (1988) postulated the followingwas rinsed with the phosphate buffer and de-
Kulandaivelu and Gnanam, 1985; Larsson etequential changes in senescing chloroplastsydrated through a gradient series of ethanol
al., 1977; Mohapatra and Johnson, 1978) stroma thylakoids lost integrity; 2) chloro-(50% to 70%). Next, the specimens were fro-
Tuguet and Newman, 1980) and transmissioplasts increased in volume, and in some plantgen in liquid nitrogen and fractured with a
electron microscopy (TEM). Plant materialshe number of osmiophilic granules increasedscalpel. The fractured specimens were rehy-
studied with TEM have included senescin@) grana thylakoids swelled, then gradualldrated back to phosphate buffer through a
leaves of wheatT(riticum aestivumL.) disintegrated; and 4) the chloroplast envelopgradient series of ethanol from 70% to 50%. A
(Hurkman, 1979)PhaseolugBarton, 1966; retained its integrity as the tissue entered neaecond set of specimens fixed with Qs@s
Ronning et al.,, 1991), spinactsginacia the final stage of senescence. These postuldehydrated with a gradient series of solutions
oleraceal.) (Mine et al., 1992), anBetula tions were based on observations made knf dimethyl sulfoxide (DMSO) (25% to 50%)
(Dodge, 1970), ripening fruit o€apsicum Gepstein and others on chloroplasts at varioasd fractured with DMSO instead of ethanol
(Spurr and Harris, 1968) and mangastages of senescence, but not at the final stage. minimize the formation of ice crystals,
(Mangifera indicalL.) (Parikh et al., 1990), A better and complete understanding ofvhich would cause mechanical disruption of
both developing and senescing fruit of normalltrastructural changes in chloroplasts is obthe tissues. However, DMSO residue inter-
and mutant tomata.gcopersicum esculentumtained by two-dimensional analysis with TEMferes with extraction of the proteinaceous
Mill.) (Simpson et al., 1976), and ethylene-and by three-dimensional analysis with SEMnatrix of plastids, which restricts accurate
treated fruit of Satsuma mandari€itfus using a freeze-fracture technique. Barnes arabservation and evaluation of the fine struc-
reticulata Blanco) (Shimokawa et al., 1978)Blackmore (1984) used SEM with freezetural features of the thylakoid membranes.
fracture technique to examine the contents dfhus, micrographs from both procedures were
Received for publication 24 Sept. 1998. Accepted foghloroplasts but concentrated on specific stagesed for analysis and interpretation of data.
publication 5 May 1999. Use of company or productather than following sequential changes dur- The specimens fractured with ethanol or
name by the U.S. Dept. of Agriculture does notimplyng senescence. DMSO series were transferred to 0.1% QsO
approval or recommendation of the product to the \We were interested in the effects of variousor 8 d. The Os@solution was replaced daily
exclusion of others which also may be suitable. Thggstharvest treatments on maintenance of grewiith a fresh supply. Next, specimens were
fﬁ:tpjyﬂ]‘ggfigpg;gg Eﬁgregré’gaijﬂzz%%it'glF;ZSSXQIor in broccoli florets, but needed to knowtreated in sequence with 1% Qg6r 1 h, 1%
tions, this paper therefore must be hereby marke?&we ultrastructural changes ofch_loroplasts dutanrllc acid for 2 h, and with a second solution
advertisemensolely to indicate this fact. ing senescence to seek effective treatmentsi 1% OsQfor 1 h and dehydrated through a
To whom reprint requests should be addressed© Our knowledge, no one has reported on thgradient series of ethanol (50% to 100%). To
Present address: Faculty of Agriculture, Kobe Uniultrastructural changes of chloroplasts in thesminimize tissue distortion that is associated
versity, Rokkodai-cho Nada-ku, Kobe 657-8501fissues. Fruit or leaf blades were used in theith air drying, the samples were placed in an
Japan. E-mail address: terai@kobe-u.ac.jp studies cited above. Autosamdri-810 critical point drying appara-
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tus (Tousimis Research Corp., Rockville, Md.)the 6 d at 20C. Examination by light micros- in the stroma and many of the globules fused
In this dryer, the ethanol was replaced witltopy indicated that the chloroplasts were greeiogether. Globules are products of the disorga-
liquid carbon dioxide that was subsequenthand intact at the non-yellow stage (Fig. 1ajyized thylakoid membranes, which contain
raised to its critical point (3I1C and 7.3« 10°  less visible at the slight-yellow stage (Fig. 1b)lipids and carotenoids (Barton, 1966; Matile,
Pa) where the fluid and vapor phases amnd indistinct at the half-yellow stage becaus£992). Although Thomson (1966) found that
indistinguishable. Next, the dryer was ventethey were masked with pigments (Fig. 1c). Athere was an increase in size and number of
to room pressure, and the samples were rthe full- to dark-yellow stage, small green oflarge globules in flavedo of ‘Valencia’ or-
moved and mounted on aluminum stubs thatellow-to-brown particles were seen dispersednges Citrus sinensigL.) Osbeck], Dodge
were sputter-coated with Au/Pd and then inin the cells (Fig. 1d). With SEM, chloroplasts(1970) found that size, but not the number,
serted into a Hitachi S-570 SEM (Hitachiwere recognizable at the non-yellow stagencreased during the autumnal senescence of
Scientific Instruments, Mountain View, Ca-(Fig. 2a), the slight-yellow stage (Fig. 2b), anBetula leaves. We found that the globules
lif.) for observation. the half-yellow stage (Fig. 2c—f), when con-gathered and then fused together and became
For TEM observation, smallsegment8.6  siderable architectural changes had taken pladarger at the half-yellow stage (Fig. 2d).
mm square) of sepals were fixed in 3% glutChloroplasts underwent significant structural The fused large globules, which have been
araldehyde in phosphate buffer (0.¢H 7.4), changes during the half-yellow to full-yellow referred to as “thylakoid plexus” (Harris and
rinsed with the same buffer, and postfixed irstage with the formation of colored particlesSpurr, 1969; Spurr and Harris, 1968), ap-
2% buffered Os¢Xfor 2 h. Following fixation, At the non-yellow stage, SEM observapeared after the grana and stroma thylakoid
the segments were rinsed with the buffettjons indicated that stroma thylakoids genersystem had undergone considerable changes.
dehydrated through a gradient series of ethailly were oriented parallel to the long axis ofT he thylakoid plexus and vesicles, which look
nol (20% to 100%), and embedded in Spurr’ the chloroplasts and the grana were stackdite empty granular bagsin SEM micrographs,
low-viscosity epoxy resin (Spurr, 1969). Seceompactly and tightly (Fig. 2a). At the slight-were noted in the senescent chloroplasts (Fig.
tions were cut on an Ultracut ultramicrotomeyellow stage, the chloroplasts were more roun2d and e). Vesicles appeared on the periphery
(AO Scientific Instruments, Buffalo, N.Y.), and the thylakoid membranes were less orgaf thylakoid plexus at the half-yellow stage
stained with 2% uranyl acetate and Reynold’sized; the grana thylakoids were less distindfFig. 2 d and e). The thylakoid plexus appeared
lead citrate and examined in a Hitachi H-500Hind the stacks showed a loss of their ordertp have formed many vesicles. The three-

TEM (Hitachi Scientific Instruments). structure (Fig. 2b). At the half-yellow stage dimensional image of thylakoid plexus, as
discrete grana thylakoids were not distinguishebserved with SEM, indicated the structure to
Results and Discussion able, and dense globules appeared in the strotma spheres of variable size (Fig. 2d), and that
(Fig. 2c). the mass had generated many vesicles.

The broccoli florets senesced and changed As the stroma and grana thylakoid mem- The vesicles were formed from the thyla-
color from non-yellow to dark-yellow during branes became disorganized, globules appeareaid plexus, which was the product of disorga-

Fig. 1. Light micrographs of chloroplasts in the sepal cells of broccoli florets during storag€atde chloroplasts werea)(green and intact at the non-yellow
stage; ) less distinct at the slight-yellow stage); ifot distinct at the half-yellow stagel) At the full- to dark-yellow stage, only small yellow/brown colored
particles appeared in the cells. All scales indicatpra0
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Fig. 2. Scanning electron micrographs of various stages of chloroplasts in the sepal cells of broccoli florets duringP€ttCadethe preparation of specimens
for SEM, sepals of broccoli florets were fractured in liquid nitrogen with ethanol after fixation witte®d@scribed in the texa) (Non-yellow stage: stroma
thylakoids §T) oriented parallel to the long axis of chloroplast and the grana thylakéidsstacked compactly and tightlyb)(Slight-yellow stage:
chloroplasts more rounded, orientation of stroma thylak&@d$ lfeginning to change and stacks of grana thylak@d9g becoming less distinctc) Half-
yellow stage: grana stacks no longer discrete, although globular bBtibaye appeared and stroma thylako®IE) femain. ¢l) Half-yellow stage: complexes
that probably correspond to “thylakoid plexu$P) and small vesicled/() apparent, and concentric circular struct@€$) apparently formed from stroma
thylakoids. €) Half-yellow stage: many small vesiclég)(at the periphery of the thylakoid plexueP). (f) Half-yellow stage: the inside of a senescing
chloroplast with numerous vesicl&g)( disorganized stroma thylakoifT), and thylakoid plexud(P). (g) Full-yellow stage: vesicle¥( and thylakoid plexus

(TP) prominent. ) Dark-yellow stage: integrity of the chloroplast completely lost, leaving only aggregations of spherical bodies that bppessidies
(V). All scales indicate um.
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Fig. 3. Scanning and transmission electron micrographs of chloroplasts at the full-yellow stage of broccoli floret sepstierdgerat 20C. In the preparation
of specimens for SEM, sepals of broccoli florets were fractured in liquid nitrogen with DMSO after fixation wjts@gScribed in the texd) (The “thylakoid
plexus” (TP) has formed vesicle¥] but few vesicles appear to have emerged through the envElofi® Few vesicles\() with dense materiaDM ) outside
of the chloroplast envelop&), and the inside space of chloroplast conspicuayfdcrease in density of vesicl&s)(n chloroplasts with few vesicles on
the outside of the envelopE)( (d) Some vesicles/) on the outside of the senescing chloroplast, which lacks a complete enldpeMany vesicles\)
and some thylakoid plexu$®) noted in the senescent chloroplast, no distinct envelope or double membrane apparent. All scalesjintdicate 1

nized and disintegrated thylakoid membranehylakoid plexus looked like clusters of grapesflorets underwent organized degradative and
This contrasts with the findings of Hurkman  For better understanding the emergence ofevelopmental changes during senescence. The
(1979), who reported that the vesicles formedesicles and globules from senescent chlor@rana and stroma thylakoids became disorga-
from the distention of grana and stroma thylaplast to cytosol at the full-yellow stage, addinhized and disintegrated, and subsequently large
koids in the chloroplast of senescent primarjional observations were conducted using TEMIobules identified as thylakoid plexus were
wheat leaves. Formation of the vesicles magnd SEM (Fig. 3). Emergence of the particleformed, which produced vesicles (the colored
differ among plant species or structure. on the outside of senescent chloroplasts maarticles visible by light microscopy). The
Concentric circles of thylakoid membranehave resulted by either or both of the follow-disorganization and disintegration of grana
appeared with thylakoid plexus (Fig 2d), asng: 1) vesicles and globules emerged througand stroma thylakoids need to be prevented to
previously observed in mutants of maiZe4 the envelope of the senescent chloroplast teeptheflorets green. To control these changes,
maysL.) (Bachmann et al., 1967), in tobaccahe cytosol, which might result in the decreasbiochemical studies are needed to identify the
(Nicotiana tabacumL.) leaves infected by in density of these particles in chloroplasts asnzymes and reactions involved.
virus (Ehara and Misawa 1975), in tangerinehown in micrographs (Fig. 3a—c); and/or 2) ) ]
tomato (Rosso, 1967), and@apsicumfruit  the envelope disappeared partially at the site Literature Cited
(Spurr and Harris, 1968). How the concentrievhere the vesicles and globules were attach@dchmann, M.D., D.S. Robertson, C.C. Bowen, and
circles are formed is not known, but they mayFig. 3d). With the destruction of the envelope, 1.C. Anderson. 1967. Chloroplast development
result from stacking and rolling of stromamany globules and vesicles were exposed to in pigment deficient mutants of maize. I. Struc-
thylakoid after grana disintegrate and changihe cytosol (Fig. 3e). Hurkman (1979) pre- tural anomalies in plastids of allelic mutants at
to thylakoid plexus. sented TEM micrographs, which indicated a the W locus. J. Ultrastruct. Res. 21:41-60.
After their formation in the senescing chlo-discontinuous envelope membrane of seneg-amles' S.H. and S. B'acfkr?“ore' |1984'|S°a””'”9
ropl_ast at the half-yellow stage (Fig. 2f), thecent chloroplasts containing numerous ves_,icles fufg_"&?crrg'ncﬁisccrgzg o(:)i Cca Aoé‘t); fg}lg;rflséxc'
vesicles beqame enlarged like s_mall baIIoonan(_:i globule_s. These glob_ules and veS|cI_e§arton’ R. 1966. Fine structure of mesophyll cells in
the connection between the vesicles appearedhich contained carotenoids and other pig- senescing leaves BhaseolusPlanta 71:314-325.
to be lost at the full-yellow stage (Fig. 2g).ments, were found in the senescent cells @flackmore, S., S.H. Barnes, and D. Claugher. 1984.
Eventually, at the dark-yellow stage (Fig. 2h)broccoli sepals (Fig. 1d, 2h). Scanning electron microscopy of cytoskeletal
the vesicles and other structures including In summary, the chloroplasts in broccoli components inAucuba japonicaleaves. J.
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