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. Bund]e Sheath and Mesophy]] Ch]orop]asts of C4 Plants: »

.An 1n s1fu Compar1son of The1r Room Temperature F]uorescence :

Abstract-.,_ o S U R ,'~..Lynne Elkin B
HighhréSo]Ution'studies:of'¢h1drop1ast f]UoreseenCefCan

be performed in situ with the aid of a:fTUOreSCence'micrOScope

"and'infrared fi]m'Y*A techniqUé’fs deSCFibed'for“quantffyfng |

, th1s photograph1c data "Both ‘the f1uorescence.yie1d andhfluores— '

cence spertra of C4 ch]orop]asts are’ affected by the buffer

used and by the 1on1c compos1t1on of the 1so1at1ng ‘medium.

The f]uorescence propert1es of agrana] bund]e sheath ch]oro-
'p1asts are'str1k1ngly d1fferent from_those of mesophy11,and other_A
ehjbrbpiasts..}The'ratio of f]uoreséence emission above 700 nm/
“below 7601nm is approximately twice as great in bundle aheath
. as in mesophyll ch]orop]aéte The ffuorescence yield of bund1e |
-sheath chlorop]asts is approx1mate1y ha]f that of mesophy]] |

- ch]orop]asts | - '

- The f]uorescence patterns and u1trastructure of C4 ch]oro-'

"“"plasts_are.corre1ated.' Lame]]ar appression is assoc1ated w1th

“an enrichment of the far-reddeomponent,of fluorescence. Un-
~ appressed- 1amellae have a higher‘proportion of the infrared

" component.



- Tris treatment is used to eliminate the variable component

of fluorescence. This variable component of chloroplast fluores-

'  cencé is.interpreted as evidence for a functional phdtosystem I1

in agrana1lbund1é shéath-chlorop]astsQ Dichanthium annulatum

-

bundle sheath chloroplasts have a variable gohponént of fluores- -

,cénée’éqUa} to¢that of;me$ophy11 chlproplasts, 'In'bo£h types

of éﬁ]ordplasts thféiyakiable fluorescence has a’sfkong %nf}a-
red compdnént; in addit{dn to thé_expectéd far-réd.ﬁomponénta
:The f]uoréscenéeiemiﬁsfbn spectraiof untfeafed and Trjs:tfeatedb_

. Diéhanthium‘annulatum»cthrop]asts»are very similar.

February 7, 1973
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1. Introduction
A, Preface .
"jrﬁapieaifgfagsfiéavéé charaCteristiCad]yhpossess para11e1
_ vascuiartbundies'sUrroundeddby large sheathfng7¢e1fs" In cross
.rsectaon these 1eaves d15play a row of" vascu]ar bund]es, each
-w1th ]ts own concentrlc r1ng of bund]e sheath ce]]s The ch]oro- |
_ p]asts found ‘in these bund]e sheath cells are typ1ca11y 1arger
-than those found in’ the adJacent mesophy11 ce]]s Th1s form of -
’:danatomy is character1st1c of a group of p]ants known as C4 p]ants
- because- Cy acids are the1r 1n1t1a1 carbon d1ox1de f1xat1on products.
Mesophy]] ‘and bund]e sheath ch]orop]asts in sugar cane
-]eaves appear to have s1m11ar ch1orophy11 concentrat1ons when .
'v1ewed under bright. f1e1d m1croscopy However, under f]uorescence .
~-m1croscopy, only the mesophyl] ch]orop]ast fluorescence 1s de-.
'tectable by the human eye These bund]e sheath ch]orop]asts
have e1ther a drast1ca11y reduced f]uorescence y1e]d a predom1- ’
nance of f]uorescence in the 1nfrared region of the spectrum
rto which the human eye is re1at1ve]y 1nsens1t1ve on a comb1na; '
~tion o+~ both This thes1s re]ates the altered fluorescence
..1patterns of sugar cane bundle sheath ch]orop]asts, as we]]

as’ those of other Cy p]ants with their structure and funct1on o

" B. Photosynthesis'in Eucaryotic:CelTS'
Photosynthesis is the biological process by which solar -

energyzis;converted into chemjca]nenergy.'-Infgreen plants, the -~



process is often cons1dered to cons1st of three parts a two-
reaction: photochem1ca1 phase, an electron transport phase,
: and a carbohydrate synthes1s phase - Th1s thes1s is pr1mar11y
._.concerned w1th the f1rst ‘two' phases R | A
The 11ght react1ons of photosynthes1s commence with the -
absorpt1on of 11ght by a p1gment mo]ecu]e F1gure 1 presents i
.__the structure and absorptlon spectra of ch]orophyl] a and
ch]orophyll b two»1mportant forms of-the maJorvplgment in-.
| vo]ved in the photochem1stry ‘of photosynthes1s 1n eucaryot1c 7
ce]]s Both ch]orophy]]s a and b are tetrapyrro]es with a .
fifth carbon r1ng and a phytol cha1n In chlorophy]] b a
formy] group replaces the methyl - group on r1ng 3 of ch]orophy]l
‘a; whereas chlorophyl] a ex1sts in a]] oxygen evo]v1ng photo- B
synthet1c p]ant cells, ch]orophy]l b is’ an add1t1ona1 p1gment o
found in: green a]gae and in a]] ‘green Tand: p1ants _
' Ch]orophy]] a and chlorophy]] b d1ffer in their absorpt1on :
'Lspectra.: In add1t1on, the absorpt1on spectra of ch]orophy]l L

»;molecules are s]1ght1y altered. by a number of factors, the most

1mportant be1ng the nature of the so]vent ‘the state of aggregat1oni

-~ of the mo]ecu]es, and the spec1f1c 1nteract1ons w1th l1p1d and
‘; prote1n mo]ecu]es (44) Various 1n-v1vo spectra] spec1es of
chlorophy]] a, e. g s ch]orophy]] a672 and ch]orophy]] a683’
"are the same p1gment molecu]e assoc1ated with d1fferent mlcro-

_env;ronments. «These‘spec1es_are desmgnated by theiwave1ength

-,of:their_respectiye red'absorption;maXima. One of these;‘P700;

onoy
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a spec1a1 form of ch]orophy]l a absorb1ng max1ma11y at 700 nm,
appears to be the react1on center of ]1ght reattlon I (164)

is found in unusua]]y h1gh concentrat1ons in agrana] bund]e ?

sheath ch]orop]asts of C4 plants (19]) Sp1nachﬁstroma lame]]ae""
_aIso have a h1gh P700 content (241) :‘ SR

Isolated PS I conta1ns a greater ratio of chlorophy]] a .

_“molecules than 1so]ated PS II (4) Consequentiy, the ch]orophy]]yf
) a/ chIorophy]] b rat1o 1s common]y used to 1nd1cate the re]at1ve
vproport1ons of PS I and PS II 1n any g1ven membrane, in any

'g1ven spec1es although this re]at1onsh1p 1s on]y estab11shed

for fragmentsvof ch]orop]ast5~from C3 p]ants;= C4 p]ant Ch]OFOf‘;.'i
f-plasts may not conform to th1s pattern - : v B

' Chlorophy]l a is the key photosynthet1c p1ument and : ;"f~bv:'b1;‘v Y

'dlrectly absorbs much of the ]1ght used to dr1ve the photosyn—.__ ;fﬂ |

. thet1c- eact1ons In v1vo chIorophyIl b and other p1gment i

'.5}m01ecu1es transfer the1r exc1tat1on energy by resonance

f
transfer to ch]orophy]l a wh1ch undergoes a photoexc1tat1on ;

: Iead1ng-to electron transport Consequent]y, chlorophyII b 1s

' ’referred to as an accessory p1gment Strong ev1dence for the

: ukey ro]e of ch]orophy]] a comes from the f]uorescence spectra
;IthCh show that it is always ch]orophy]] a that f]uoresces ” I i‘
" no matter wh1ch accessory p1gment 1s exc1ted - | |

‘ In th1s thesis. the ch]orophyll f]uorescence assoc1ated

'_w1th the 11ght reactlons 1s used to. he]p character1ze eIectron



' vtransbort;in Cyq P]ants It is a valuab1e tbo1ébécau§e itafs
‘:a non destruct1ve means of mon1tor1ng photochem1ca1 react1ons,
and 1ts y1e1d at a glven “incident 1ntens1ty is often 1nverse1y
'zrelated ‘to the capacity of PS I for electron transport (68, 77, -
]16 »202) Consequent]y, it is 1nd1cat1ve of processes compet-
1ng for de-excitation to the ground state | -
F]uorescence of the photochemlcally exc1ted ch]orophy]l

generally increases in the presenCe of metabolic 1nhibitors

of photosynthes1s, non- f]uorescence means of d1ss1pat1ng energyvgi
act as quenchers of the fluorescence (76 77) Consequently,
when photosynthes1s 1s_chem1ca11y b]ocked at moderate Tight -
r'inténsitﬁes,'the fluorescence rises. "Photdsynthesis’invoives
tWo"sédUential ohotochemica1 reactions in which electrons are
tranSferred from water to NADP. The first photochemical reaction,
'l]ibht'reaCtionvI,;OXidiies the intermediate electron transoort" “
'v'chainvand reduces NADP; the second, light reaction II, oxidizes

~ water - with the release of oxygen and reduces the electron trans-
port.chain. A.widely accepted scheme.of the e]ectron transport.
process which accompanies this quantum conversion is represented
in Figure-z There are two (poss1b1y connected) pigment comp]exes
' assoc1ated wtth the two 11ght reactions. The molecules in the
‘p1gment comp]exes act as funnels or antennae to concentrate the'v

absorbed light energy into a reaction ‘center (11ght trap) where

: the actual photochemical events occur (Fig. 3).
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A working hypothesiﬁ for the distribution of the chiorophylls'in the two

" pigment systems in the higher plants and the 'green algae. The two systems

seem to gcontain both chlorophyll a (Chl a) and chlorophyll b(Chl b) but
in different proportions. {In the “rad and blue- ~-green algae, the
phycobiling replace Chl b) It is suggested that most of the long wave-

" length forms of chlorophyll a (Chl a 635 - 705) ars present only in

pigment system I. The. two major "bulk" Chl a (Chl a 670 and Chl a 680)

are almost equally distributed in the two systamq—~5vstem 1T hav1ng
.. relatively more Chl a 670. (In red and blue-green algae, a very large

proportion of Chl a is in pxgment system I.) The energy trap of system I
is P700, and that ot system IX is P630 - 690. The possible source of all
the emission bands is also depicted in the diagram. (Modified after
Govindjse, G. Papageorgiou and Rabinowitch "Chlorophyl! Fluorescence and
Photosvathesia™. In G. G, Builbault (editor): Flunrescence, Theorv,

Instrumentation and Practice, Marcel iekker, Inc., New York, 1967,
pp.. 511 ~ 564.) (For a review on the relation of "light resctions” of
:nhotosvnthesxs to chlorophyll fluoreascence, see Govindjee and G.

Paoaveorgxou "Chlorophyll Fluorescance and Photosynthesis: Fluorescence
Transients", In A.C.Giese({editor): Photophysiology, Current Topics in

Fig. 3. after Govindjee (113).



Unequal'sharing of absorbed‘light quantavbetweenvthe two
photosystems is moderated by sp1llover. and occurs due to thel_
d1fferent spectral absorpt1on ‘and spat1al separat1on of the1r :

'p1gment complexes Th1s sp1llover is less 1mportant at wave-“"

lengths greater than 670 nm. The h1gher proport1on of long- ,'w'v' |

: wavelength absorb1ng chl a molecules 1n system I enables 1t
' _to absorb a maJor1ty of l1ght in the far red and near 1nfraredf,_
'PS II s 1ncapable of us1ng these wavelengths‘as effect1vely, B

' Tand therefore may become the . rate l1m1t1ng photoreact1on

The phys1cally distinctive p1gment packages can 1nterchange Y

,yexc1tat1on energy, thereby prov1d1ng a means for . balanced and
eff1c1ent exc1tat1on of the two photosystems ' Th1s controlled _'
sp1llover model"v(as opposed to a 'separate package model") of
p1gment systems I and Il is supported by the quantum requ1re-- 'fr

ment measurements for the two l1ght react1ons of sp1nach chloro-'

| 'plasts (268) The factors wh1ch control the transfer of energy
_between the two photosystems are not yet totally character1zed

'1The d1fference 1n quantum requ1rement between the two l1ght

' react1ons m1ght be caused by an unsymmetr1cal spat1al d1str1but1onf,t

of the'two l1ght react1on centers w1th,respect to the-antennae-.~'
‘ o S o o e
. p1gments o ;,Vh L - e '1

Photosynthes1s in the green plant 1s totally assoc1ated

- 7w1th a cell organelle called the chloroplast (l48 272) Chloro- N

' plasts are approx1mately the shape of oblate spher01ds. usually '3

*rang1ng from 4- l0 um in d1ameter and l 2 um th1ck Their :

|



'character1st1c green color is caused by the chTorophyTTs and

- f’they are surrounded by a doubTe membrane Ch]orop]asts 1soTa-

'fted w1th 1ntact outer enveTopes are caTTed cTass I; wh%]e those
wath;broken T1m1t1ng membranes are_caTTed cTass I (267). The
isolated .'¢h1arop1 asts examined in thi s"study are primarily
cTass 1. | | o | T -

Dur1ng ‘chloroplast development the proTameTTar bodies. pro-
T1ferate membranes and pinch off fTattened membrane sacs called
thyTako1ds Sma1l thyTako1ds frequentTy occur 1n stacks caTTedi
'grana These grana stacks are joined by a ser1es of membranousA
'_ohanne]s-wh1ch serve_to_1nterconnect the 1nterna1 space of the
uthy]ékdtdsv(230)} ’The‘grana membiranes aré'COTTectiueTy called

. the grana lamellae.  The interconnecting membranes traverse the

- stroma matrix and are caTTed the stroma lamellae. The bundle

T'Tsheath chTorop]asts of severaT C4 pTants are agranaT and contain
- only membranes wh1ch resembTe stroma TameTTae. This thesis -
1nvest1gates the nature of this resembTence | |
The Tame]]ae are the sites of the photochem1caT and eTectron:;i_
:'transport react1ons (229) The freeze fracture procedure reveaTs'd‘f
 that chToropTast ‘lamaellae conta1n an 1nterna] mémbrane sub-- :
structure wh1ch may have functional s1gn1f1cance (225)~ »

‘7'two cTasses of 1nterna1 part1c1es which are exposed by fractur1ngif'

.'T m1ght correTate w1th the presence of the two T1ght react1ons (24T)§Va

' *‘_The'soTubTe non-membranous stroma matirix 1ns1de‘the ch]oro-¥ :

'_pTast_contains the enzymes of the reductive carbon cycle. 'Thesev;'fe



10

reactions are also‘known”as.the dark reactions, the Calvin'cycle,
'or the'C3vcycle- This»thesis investigates the'photochemistry

of a group of plants wh1ch 1ncorporate carbon d1ox1de 1nto C4 |
'compounds before ut1l1z1ng the Calv1n cycle It was the unusual
carbon f1xat1on patterns in these plants wh1ch f1rst 1nsp1red

: my 1nterest in. them

. C. Fluorescence

1. fFluoresence*Artlfactslﬁ

Self absorpt1on of fluorescent l1ght w1th1n the sample (eVén _
| w1th1n a s1ngle chloroplast) can cause d1stort1on of spectral
'shapes and relat1ve peak he1ghts_(60) Assumlng a homogeneous
-d1str1but1on of p1gments. the h1gh p1gment concentrat1ons of 1n-

tact leaves cause strong self -absorption, a resultant apparent

_ fluorescence y1eld decrease, and a spectral em1ss1on sh1ft toward .
:longer wavelengths (105) In order to av01dvth1s;problem, the o

samplevmust be d1lute enough to withstand a doubling'of'concentra-'{"

: t1on W1thout alter1ng fluorescence spectra or y1eld (60)
Unfortunately, 1t 1s 1mp0551ble to d1lute the concentrat1ons

.of a s1ngle 1ntact chloroplast Th1s problem may be avo1ded by

“ us1ng cnloroplast fragments, although ruptur1ng of the chloroplast 1;"

I
' membranes produces-other art1facts It 1s a content1on of-th1s

study that chloroplasts of C4 plants must be 1ntact for the most-

' mean1ngful fluorescence stud1es, and that this potent1al art1fact

,must be 1nvest1gated The relative contr1but1on-of_self-absorpt1ons E

must then_be~est1mated{
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S1nce ]ow temperature f]uorescence spectra (77 K) are more

o sharp]y reso]ved than room temperature spectra they are common]y

!

used to study photosynthes1s (4) Because the use of the fluores-
cence m1croscope nece551tates work1ng at room temperature, it is
vd1ff1cu1t to re]ate th1s work to many of the 1ow temperature y

“stud1es

2. ‘Q-and Variable Fluorescence Yield

tln'this study;:variabTe fluore5cence'is used as.a measure
of PS II Duysensrand Sweers: des1gnate a certain molecu]e wh1ch ‘
f affects the e]ectron acceptor of PS II as Q, ‘quencher of ch] a2 f]uor-“
'escence (94) 0n1y the oxidized form of Q serves as the quencher
‘The reduced form, QH, cannot function in this capac1ty “In the
j'presence,of.Q, transfer»of exc1tat1on can occur from chl a, to - o
.the-reactibn center.ﬁ Excitation of system II results in the'i
| formation of QH which decreases-quenching. v |
The add1t1on of a strong reductant like sodium dithionite
.f;w111 a]so cause the formation of QH, thereby resulting in in-
. fcreased f]uqrescence yield (no quench1ng). Whereas PS II |
ltght enhances f]uoreScence'(QH does not quench), PS 1 light has‘~a'u
. the antagon1st1c effect of decreaS1ng f]uorescence y1e1ds (94
'105 1 6).‘ Exc1tat1on of PS I can ox1d1ze QH to Q, thereby
quench1ng f]uorescence Q must therefore be s1tuated between :
gPS I ana PS II DCMU increases f]uorescence because 1t prevents

"the reox1dat1on of- QH by system I 11ght (105) After pro]onged o



O o -
_’darkness@'chloroplast fluorescence rises trOm?a'low initfal"

1eVe1‘ F , to avsteadyvstatedvalue, F:;; which:is three to_four

t1mes h1gher (138). When Q is kept.oxtdized, fluorescence rej;.
mains “at Fo (45) | | : | | | .}

Dur1ng their stud1es, Yamash1ta and But]er made the fo]]ow- :
1ng observations’ wh1ch 1nvo]ve the phenomenon of var1ab]e f]uores- :
cence (288, 289, 290, 291, 292, 293). B |

a) Low 11ght 1ntens1ty causes. a moderate level of non—
var1ab1e background fluorescence - In the absence of electron.
acceptors, 1rrad1at1on with wh1te 11ght 1ncreases the f]uorescence-' :
| y1e1d approx1mate1y»three-fo]d Presumab]y tho 11ght causes
PS IT med1ated format1on of -the non- quencher QH. (288 291)

b) S1m11ar 1rrad1at10n of Tr1s washed ch]oroplasts w1th
1ow 11ght resu]ts 1n on]y a. ZOA 1ncrease in f]uorescence-y1e1d

Th1s m1n1ma1 11ght 1nduced f]uorescence y1e]d 1ncrease 1mp11es N

o a ]ack of electrons to reduce Q (288 297).

: c) Chem1ca1 reductants, 11ke sod1um d1th1on1te;.can de-‘
- crease f]uorescence quench1ng, presumab]y by donat1ng electrons
to reestab]1sh QH (291). | | | "

d) Tr1s washed ch]orop]asts 1ack H111 react1on act1v1ty i
B |

e) H111 react1on activity can be restored to Tr1s-washed ch]oro-‘”'
cp1agts by thoroughvrewash1ng with a comb1natjon of.reductants and/or
a'Standard:media. The . ease with which.the damage.tsvrepaired'impTies

that Tris treatment causes only a mild, reversible-denaturation;
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;",; s1nce no 1rrep1aceab1e components of the oxygen evo]ut1on system

fare 1ost (292)
| f) Tr1s wash1ng reduces Mn ++ concentratton,'out'reactiva-
' t1on is poss1ble without the add1t1on of Mn® (292).
. g) DCMU restores‘the variable yield of f]uorescence in Tris-
-washedfch1orop]asts.’ Presumably there are enough endogenQUS_donors
to produce'Qvarowided loss of electrons by QH is b]otked.(291).
-'In'this.study; TrisAtreated chloroplasts,are examined after DCMU
treatment.. |

h) Hydroxy]am1ne can 1nact1vate oxygen evo]ut1on, but at
| h1gher concentrat1ons it can donate electrons to PS II (198)
'Consequently, hydroxy]am1ne can restore some of-the variable
' f]uorescence lost by Tris- washed p]ast1ds (289 291).

) Irrad1at1on of Tris- washed ch]orop]asts 1rrever51b]y

o prevents the restorat1on of var1ab1e f]uorescence with ‘electron.

donors. Tr1s-washed ch]orop]asts appear to be espec1a11y

'v:sen51t1ve to photobleaching (290).

- On the basis of the above observat1ons, Yanash1ta and But]er '

-v';\conclude the fo]low1ng (288 291):

g a). Duysens and Sweers' hypothesized qwencher, Q, is'a use-',
ful concept for studying the photochem1stry of PS II. | |
b) Tris blocks the PS II medlated donat1on of e]ectrons :
._vfrom water to trap II. | | |
- c) Certa1n e]ectron donors Tike hydroxylam1ne can subst1tutem

'-;for water as the e]ectron donor to PS IT.



d) Var1able fluorescence 1s 1nd1cat1ve of PS II act1v1ty.
In th1s study, var1able fluorescence is used as a measure’ of ‘

PS 11.

3. Fluorescence-of Photosystems I and ‘I1

Althouﬁh‘fluorescénce“ls used to characterj;é'the‘photoél o

chemlstry of'photosynthesls; opinionivaries as’toithe precise::
' correlat1on between fluorescence and the two l1ght react1ons
_Duysens hypothes1s of two forms of chlorophyll a, strongly fluores-.
cent chlorophyll a2 and weakly fluorescent chlorophyll a] is - w1dely
Vac¢eptéd"(l05,'236) S1nce Tow temperature fluorescence spectra o
v reveal'the presence of F695 and F735, in add1t10n to F685 many
attempts are be1ng made to correlate these peaks w1th chl a] and‘v
_ _chlva2 The different chlorophyll a fluorescence emission spectra '
' obtained with 400 nm (preferent1al chlva absorpt1on) versus 470 nm
'_(preferent1al chl b absorpt1on) const1tutes strong ev1dence for
‘l1ght ass1gn1ng the bulk of F685 to PS Il and the bulk of F735 to ~t
PS 1 (16, 17, 202, 206, 236). | |

- Anderson and Boardman (4), p1oneers 1n the f1eld of deter-

- gent fract1onat1on of membranes, use dlg1ton1n and dens1ty grad1ent5gg“ |

o to obta1n a separat1on of small system I partlcles from larger :

: system II enr1ched part1cles They sed1ment at l44 000 g and o
| 10, 000 g, reSpect1vely. Room temperature fluorescence stud1es

of these part1cles reveal a relat1ve fluorescence y1eld for that
of the 144,000 g part1cles equal to only 20% that of thelO OOOg
part1cles (44, 53)



The 77 K spectra of the two part1c1es d1ffered markedIy, -
haIthough the two r-oom temperature spectra were s1m11ar (F1g 4)

7(44 53) ' F735 corresponds to 75% of 1ntact chIoropIast quores-

Ih'.cence, 60% of IO OOO g part1c]e f]uorescence and 97% of 144 000 g

_ part1c1e f]uorescence at 77°k.  Anderson and Boardman concIuded
that most of the F735 1s assoc1ated w1th system I, although some
,‘S present in system II "They observed that_F695 is predom1nant-
"»‘Iy assoc1ated with PS II. The'aSSOCiation oetWeen F685 and'F695.,
is confirmed by many’ others (116,117, 135, 206, 236); however,
GoedheerJCTaims that F695 is assoc1ated with system I (105).
| _}GovindjeeZreportedhthat-at‘room temperature;vF695 belongs e
vi‘to"PS”I but at 77°K, F695 originates in both PS I'and PS I
(T13) Furthermore, he suggested that it is ‘inaccurate to
'”correlate F735 exclus1ve1y w1th PS B and F685 echus1ve]y |
| 'w1th PS II, 1t is more. accurate to state that the ratio F735/F685
‘1s-hlgher in PS'I and Tower in PS IT Mm3). Assumlng ‘that all
Variaole'fluorescence (ct Sections I. C2 and 1. C3) originates in

- PS 11, 65 70A of F735 be]ongs to PS I (]13)

Mohanty et aI aIso conducted quorescence stud1es of system S

I and system II part1c1es (197). At both room temperature and
.at’ 77°K'they found the system I spectra to_be.s1gn1f1cant]y-

| richer in-the-]ong wavelength component than;the system‘II spectré;

:'On_the.basis of these data they concluded that multiple peaks are -

pcharacteristic,of-eaCh particle. »They-did;‘however, attach
" importance to the reIative_peak heights. They detected substan-

'dtia].short wave]ength'components in system Ihpart1c1es and
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1ongéwavéﬂength:components in'system II'pdrtigles,. o

- 4‘!'Lame11an”0r93nization and'Fluorescence

).

ThlS thes1s 1nvest1gates the correlat1on between 1ame11ar
organ1zat1on (cf. Append1x A) and f]uorescence in- the ch]orop]asts ofn
‘C4 p]ants In green1ng pea seed11ngs, the deve]opment of system

- 11 act1v1ty accompanles “the format1on of grana and a ‘decline in the
ch]orophy11 .a/b rat1o (48). For the f1rst f1ve nours of 111um1n-= |
-ation there is minimal lamellar appress1on or H111 reaction act1v1ty
PS agt1v1tyvdeve10ps within an hour,;although/system II requ1res v
six to.eight:hoursxfor significant activity((48);‘ After two hodns

_ F68§.pkedominétesgalthough.system!I iser11y deve1oped~and'system111
."activity'1s‘praetica11y non-existent. The increase in system 11

b_ act1v1ty 6 hours after the first illumination - 1s concom1tant w1th

vh F7359deye10pment.

5. Ions and Fluorescence

’i thté’the'f]uorescence of t4 plant ehloropTasts is Unusdally'x

sens1t1ve to the 1on1c env1ronment of the tlssue (cf Section

h: 1I. A). 1t 1s appropr1ate to exp]ore the bas1s for th1s sens1t1v1ty

‘The 1on1c env1ronment strongly . 1nf1uences the f]uorescence y1e]d :
}p'of 1so]ated ch]orop]asts (139 203 204, 205) At 77°K Mg
J”"1ncreases F685 and F695 yields, but decreases F735 (203 204).

'TheMg on]y affects those f]uorescence components dependent

7 Upoh?the redox state of Q, i.e., F DCMU’}Fred’ but not F_

(139) The d1va1ent cations of stront1um, barlum, and manganese._vﬁ

v'and the monovalent cations of sodium, 11th1um, potass1um, rub1d1um,
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- and ceSiun.(ZOS) act simiTar]y.' Murata‘interprets the differen-
t1aT ion1c effect on F685 and F735 as a suppression of bulk exc1t-
-"at1on transfer from ch1 a, ‘to chT a (202, 207).

Ions aTso stab111ze the inter- Tamellar assoc1at1on in . chloro-
'pTasts Izawa ‘and Good 1so]ated chToropTasts 1n Tow saTt med1a
and obta1ned pTast1ds w1th sonTen grana (146) The grana membranes
stay Toosely attached near. the edge of the thyTako1ds, aTthough ‘

the chTorophyTl is not Tost Th1s Tack of appress1on d1d not dis-

'rupt H1TT react1on or eTectron transport act1v1ty (oxygen evoTut1on,l )

[ferr1cyan1de reduct1on) The 1ntroduct1on of saTts caused a re-
cement1ng of TameTTae, often: 1n a grana T1ke conformat1on Con-.
sequent]y, Izawa and Good suggested that a r1g1d d1st1nct1on betweenv
grana and stroma m1ght be unwarranted | |

1 “.v

'thf Correlation Between LameTTar Structure and Function

' ”’One offthe’ObjectS'Of'this study is'toACOrreTate-TameTTar‘strqu’

"ture -and funct1on ‘with ‘the aid of the fluorescence m1crdsc0pe

-T-Thereaare_severa] poss1b]e approaches to ﬁhjs.ProbTem. L1nt11hac -

and Park-used fluorescence and eTectron=micro$copy to'demonstrate -

,the potent1a1 photochem1caT importance of stroma TameTTae (181).

They found f]uoresc1ng chTorophyTT to be un1form1y present in a]]vt;; o

-ﬁchToropTast membranes A s1ngTe sample was f1rst exam1ned 1n a

| .
v fluorescence m1croscope and then in the eTectron m1croscope - The

N |
nfluorescence 1ntens1ty 1ncreased only when TameTTae over]apped
- "Careful exam1nat1on shows that the 1ntens1tyyofvfluorescence is -

fairlyYCOnStant and that variations can’usuaTTy'be'correlated with
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var1at1ons in the number of superposed membranes (181)
Tetrazo11um and d1tetrazo]1um sa]ts are super1or “to silver

ions for the 1oca11zat1on of H1]] react1on reduc1ng s1tes (256)

In the presence of 11ght the sa]ts that are 1ns1de the chloro- o

, p]asts are reduced to 1nso1ub1e formazans or. d1formazans
vShumway and Park detected de]oca11zed prec1p1tat1on of the'f"
'.reduced salts and ‘concluded that this techn1que does not prov1de'_ .

'-adequate reso]ut1on to localize PS II w1th1n s1tes on 1nd1v1dua1

1ame11ae~(256) It is difficult to apply this techn1que to

' -.C4 monocot plants because bundle sheath ce]]s are surrounded i*"d

jby a. suber1zed layer wh1ch 11m1ts penetrat1on of the dyes

(cf Sect1on I. E).

y". Ha]] used the Hill oxidant, ferr1cyan1de wh1ch was- reduced"

, jn the presence ‘of Cu’” (123). Since ‘the HiT1 react1on-med1ated
'precipitate formed on both'grana~and stroma lamellae, Ha11‘et‘
”1‘ai. conc]uded that all ch]orop]ast lamellae have a funct1ona]

| ) PS Ir (123) Unfortunately the resolution is insufficient for

1oca11z1ng react1on centers in Tamellae. h

The comp]ex prob]em of study1ng the 11ght react1ons of photo-

synthes1s may be s1mp]1f1ed by phys1ca11y separatlng the two photo-f 'ﬁ'

systems pr1or to the recordlng of data The use of 1solated C4

ﬂrbundle sheath ch]orop]asts is an a]ternat1ve method for pursu1ng .J”
'}the same obJect1ve Many stud1es however, 1nvo]ve separated B
;HPhotosystems Incubat1ng chlorop]asts w1th the non- 1on1c detergentir""
'd1g1ton1n non- randomly d1srupts the1r membranes (4 44 45) Sub—_ﬂsn-

fsequent d1fferentia1 centr1fugat1on separates sma]] system I
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partic]es”frOmearger sySteh IT enriched particles. The7frag¥:

' mentsﬂcentrifuge down at 144,000 g and 10,000 g, respectively.

M1che1 and M1cheT WOTwertz obJect to detergent separat1on AN

. techn1ques because they result 1n mod1f1ed absorp+1on spectra and

"d1srupted or1entat10n of chTorophyTT moTecuTes (194 195) Mechanfd

qcal shear1ng w1th a French press avo1ds these probTems yet pro—

motes the separat1on of PS I and PS 11, In my thes1s, the sus-vf

e:‘cept1b1]1ty of - C4 chToropTasts to chem1caT damage is. noted (c f:Ty

' Sect1ons 1I. A and III. B4) It woqu therefore be safest to subst1-

tUte”physicaT‘treatment“for chem1ca1 treatment whenever poss1b]e.

‘Saneie't' al "‘(241‘):'impr6ve'd tipon the "tvechniques’ of Michel et al.

by us1ng a reTat1ve1y mild French press treatment (Tab]e 1).

- The separat1on of photosystems I and 11 w1th the French press

-"preserves morphoTog1caT structure (241) ETectron m1croscope 17
a'stud1es of French press treated sp1nach 1nd1cated that the TGOK
“ f»PS Ivfract1on‘orjglnates,from unappressed stroma Tame]Tae,and end'

‘membranes of grana stacks (241). - In my.thesis; it was ihitia]]y '

aassumed;that'C4abund1e'Sheath’chToropTast:TameTTae are anaTogou5gtv

to stroma TameTTae Therefore, an’ 1nvest1gat1on of the T1ght o
s,b_react1ons 1n bundTe sheath chToropTasts would prov1de data
poss1b1y app11cab1e to the study of stroma TameTTae |

o DeveTopmentaT and mutant stud1es prov1de add1t1ona1 1nfor—

: mation about grana and stroma Tame]]ae The 1mmature chToropTasts'

in the basa] poTt1on of a sp1nach leaf have a h1gher proportlon of '

rstroma;TameTTae[and a higher chl a/chT b rat1o than those found
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;Tab]e 1 Photochem1ca1 Act1v1ty of French Press Treated Spinach-
’ Ch]orop]ast Fractions Obtained by Sane et a] (241)

Rl

Broken

o o Bénd 1 chlorop]astsvv: Bandf2. . Band 3

Cehlab.. 6.0 26 2.6

‘Cchla+b 350,337 535,560 950,123 825,880 .

700 -
NADP reduction 247 8.4 0.43°  0.15°
tion activity

: vf]uorescénCe , Tow. . L 'high' i ,high" e
: yield o B

_variable . absent -present _ present present
fluorescence = - : -
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in the maturehplastids of the'Ieafvtip”(IIO) However, add1t1ona1

'work by Park and Sane 1nd1cates ‘that the chl a/ch] b rat1o

’ does not necessar1]y 1nd1cate the' rat1o of PS I/PS II act1v1ty )

h](223) Stroma IameI]ae do cons1stent1y have a h1gher chI a/ch] b

| rat1o than grana | T L | )
Park and Sane (223), using roma1ne Iettuce din the1r study,

' d1vided ‘the Ieaves 1nto three groups paIe 1nner Ieaves (I)

": yeIIow m1dd1e Teaves (M), and outer green Ieaves (0) As exs

'pected chIoropIasts (I) had a h1gher proport1on of stroma to
grana ]ame]]ae. a h1gher chI a/ch] b rat1o,‘ and an enr1ohed

' :PS I act1v1ty in comparison to (0) chIoropIasts. Surprisingly;

(M) chIoropIasts had a h1gh chI a/ch] b rat1o of 7 0. in spite of .

substant1a1 grana deveIopment ’ Both (M) and (0) chIoropIasts
,had s1m11ar PS II rates and var1ab1e f]uorescence
An unusuaI s1tuat10n however, exists w1th mutant NC 95 (140)

"The var1egated reg1ons of th1s mutant comp]ete]y Iack Iame]]ar '

appress1on, are_1nact1vev1n the Hill react1on,1and d1sp]ay'neg11- g

gib]e natural photosynthetic'activity ‘ They-do have a normal N
manganese content and appear to have an 1nact1ve PS IT p1gment '

: assemb]y System I however. 1s funct1ona1, as. ev1denced by NADP

‘-:-photoreduct1on w1th ascorbate DCPIP and by PMS med1ated photophos- :
',vjphorylat1on Consequent]y, Homann and Schmid hypothes1ze a corre-~

1at1on between PS II and appressed IameI]ae (140) There appears

to be at Ieast one normal or mutant plant to match every p0551b1e

| 'hypothes1zed corre]at1on between Iame]lar appress1on and the photo- '

'1f-chem1stry of photosynthes1s.

1
o
3
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_E. The C, Phenomenon .. ..

._vaheﬂwork-bf;Caivin and Benson”on‘carbon ftxattoniestablished B
phosphoglyéerate, 4 3-carbon compound, as the initial stable storage
'_Yproductﬁofiphotosynthesis:(69)f"In-1965, Hatch-an&’$1ackn(128),-
v startledtthe comblacent fié]d‘ot.Carbonffixation by oonfirming an
| eariterfreport_by Kortschak,fHartt. and'Burr_(165);.both_reports
1dentifjéo F4t oioanb0xy]i¢vaeids'as the'initialproouct.of o,
fixation tn3sugar cane. ' ' ) | ' -
Since the conf1rmat1on of the start11ng "C4 phenomenon;
' vgreat attent1on has been pa1d to the photosynthes1s of C4 p]ants
V3Add1t1ona1 d1fferences in C4 photosynthes1s have been d1scovered ﬂ;“[gr
»wh1ch 1nsp1red the work in th1s thesis. The C4 phenomenon has -
'1 been suff1c1ent1y stud1ed S0 that it is now more appropr1ate .
to refer to the C4 syndrome the symptoms of wh1ch are out- |
v11ned below ‘ RN

:flg 7Leaf}Anatomy - Kranz -

A]] C4 P]ants have a Kranz type 1eaf anatomy. or a m1nor}" e
mod1f1cat1on of it (172). The correlat1on between 1eaf anatomy -
v‘; ande4 photosynthes1s-appears pivotal to the»current v1sua11zat1on

—of the carbon f1xat1on scheme The anatomy a1so presents |

:spec1a1, pract1ca1 prob]ems 1n the 1so]at1on of ch]orop]asts as _',.1

A 1Vd1scussed be]ow

Kranz anatomy 1nd1cates a we]] deve]oped bund]e sheath

(parenchyma sheath) 1ayer around the vasculature (th. 5)Lv_"



'Fig.;SQ‘_Cross secfidn of a corn }eaf§ (bs) bUhdle sheéth,_'f

). ,;'

(m).mesophyII,f(vb)vvascularfbundle. after thadés:(239

2
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]

: The bundle sheath wa]]s of monocots conta1n a suber1zed 1ayer

.-wh1ch 1s rem1n1scent of an endoderm1s, and which m1ght he]p regu-

late water oss” from the plant (209) Th1s suber1zed layer is not

bformed’1n-C4 d1cots (172) In sugar cane, the suber1zed 1ayer

‘1s located 1n the bund]e sheath wa]]s adJacent to mesophy]] ce]ls,

however, 1n o]der t1ssue, 1t can surround ent1re bund]e ‘sheath -

. cells (1’2) In e1ther case it can h1nder d1ffus1on across ‘the

~cell wa]]s of the bund]e sheath to the mesophy]] . However, the

suberized wa11s are penetrated by numerous p]asmodesmata whith'

m1ght fac111tate d1ffus1on across the wa]]s : This sUberfzed :
lblayer 1ncreases ‘the d1ff1cu1ty of in situ chem1ca1 freatments R

of bundle sheath chloroplasts because of penetrat1on prob]ems

Laetsch (172) used 11ght mi croscopy wh11e Edwards and -

Black (96) used scann1ng electron microscopy to- v1sual1ze the

;1nternar topo]ogy of C4 leaves Both reported ]arge smooth-
: awa]]ed bund]e sheath ce]]s t1ght1y packed aga1nst the' para]]e]
.fvascu]arfbundles. In 191tar1a, bundle sheath ce]]s usua]]y
:have angular-edges;“they are t1ght1y packed with organel1es,'h,f s
'_the most prom1nent of wh1ch are the ch]orop]asts (96)’. 1

'_contrast the mesophy]] ce]]s ‘have rounded edges and a scattered

dlstr1but1on of organe]]es There is usua]]y a size d1fferen- :

v 'gt1a1 (172); and frequent]y a d1fference in shape Often, the

bund]e sheath ch]orop]asts w111 appear a pa1er green than those

‘hof mesophy]l, a]though alternat1ves do ex1st in trwp]ex

‘fflentifOrm15'and others Most character1st1ca]1y, the bund]e 3
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B sheath chloroplasts are packed w1th numerous large starch -

_gra1ns while mesophyll plast1ds are usually devd1d of them

2. Chloroplast Ultrastructure_v:'»

The most unlque feature of C4 chloroplast ultrastructure
1-1s the perlpheral ret1culum (l72) However, the chloroplast
' lamellar conflgurat1on 1s the ultrastructural feature most
relevant to th1s study. The correlat1on between lamellar =»&
B appression and fluorescence as detected by - 1nfrared f1lm 1s the
¢ore of-th1s work Consequently, an extens1ve ser1es of Laetsch s
electron m1crographs is prov1ded as a reference in. Appendlx A
Br1efly. mesophyll and bundle sheath chloroplasts often o
i,show dimorph1c lamellar conf1gurat1ons, however there 1s no o
;cons1stent pattern., Sugar cane represents one extreme with
.1ts agranal bundle sheath plast1ds and convent1onal mesophyll
chloroplasts “In contrast Atr1plex bundle sheath chloroplasts

COntain;a’normal complement-of grana wh1le-the.mesophyll-chloro-

plasts exh1b1t l1m1ted thylako1d appress1on gart1na and' inijf

' _other C4 plants. ‘have equal grana development in both the

f;mesophyll and bundle sheath chloroplasts Bundle sheath lamellae P

,;;are often a1stended by large numbers of swollen starch gra1ns

1
! Yo

' Chloroplast lamellar development is fa1rly cons1stent - _l -wb

“"w1th1n a g1ven spec1es Laetsch reports that appress1on of @T o

' membranes in sugar cane is not affected by llght 1ntens1ty< butw
.3':15 affected by temperature (l72) In contrast Goodch1ld re- _’7

ports that light 1ntens1ty can affect the number of grana (108)

.‘-.
! ) .
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The deVelopmental sequence can a]so 1nvo]ve 1ame11ar changest
Laetsch S work on sugar cane revea]s that bundle sheath and -
mesophy]] prop]ast1ds are 1nd1st1ngu1shab]e, both 1n1t1a11y :
_ form swa]] grana wh1ch the bund1e sheath ch]orop]asts subse-’

1‘quent1y 1ose (174)

u3;_;ChlohppJast Iso]aticnwand Separatton'»w

5 Chibrop]ast iso]atfon and sepahattbn are CruCia1:tovthe =

'1nvest1gat1on of C4 photosynthes1s, and 1nv01ve the separat1on

of bund]e sheath from me50phy11 chlorop]asts Unfortunate]y,.

‘e'jsqlat1on<and_separat1on of these ch}orop]asts,1s djff1cu1t o
’.bécauSe‘of the‘de1icacyA6f ChloroplaSt‘membfanes‘reiatiVe to e

’”"bundle'sheachCelT wa]]s Mesophy]] ch]oroplasts are more - -
 eas11y re]eased but preparat1ons are st111 contam*nated w1th
tbund]e sheath-ch]orop]asts Separat1on of the two typeS'of

intact isclated chloroplasts from a m1xture of the two is

S not yet possible. It is also d1ff1cu1t to d1st1ngu1sh between

the two types under the 11ght m1croscope The original thesis

‘_observat1on w1th the f]uorescence m1croscope was made because

' grana are eas1]y seen w1th th1s 1nstrument In1t1d1 attempts

-at separat1on 1nvo]ved sucrose dens1ty grad1ents and were

based on the assumpt1on that the h1gh starch content of bundle E
--sheath,ch]qropjasts_re]at1ve to mesophy]l ch]orop}asts would.
cause‘a'density;diftehentialt Recently, a.SUCcessfu1_iso-

"xTatidnvofhmesophyjl‘and bundle sheath cells has‘been accomplished



by Edwards and Black (95). The revised technique. of Anderson |
et al. (5) appears to y1e1d the f1rst 'good bund]e sheath ch]oro-

p]ast preparat1on. although 1t is questionable whether they are’ o

: »f1ntact;v,0ther C4 chloroplast 1so1at1onvprocedures resu]ted in _'

fragmentedfbundle_sheath ch]orop]astsrahd/or'impurelpreparatidns. .

Tableréxout1ines¢Various chloroplaSt'iSO1atiOn and3separatfpn"

' procedures app11ed to C4 p]ants. Unt11 a method -is perfected

it 1s preferab]e to study C4 ch]orop]asts in s1tu' whenever
possible | S | -

B Recent deve]opments in the f1e1d of C3 ch]oroplast 1sola- -

~ "tion mlght be applied to C4 ch]orop]ast 1so]at1on and separat1on
V'The buffers developed by Jensen and-Bassham canihe.used to lsolate

consistently high ytelds of Class I‘sptnach;ch10rop1aSt§:(]48);fd

These chToropTaSts fix carbon dioxide at'ratesvbf up to 60% of:

v thpse'recdrdedvin'VfVo L1ght and’ e]ectron m1croscopy conf1rm

p.the 1ntegr1ty of the outer membrane. _ - |

| Takebe ‘(1967) used macerozyme, a crude polygalacturonase,

~ to 1so1ate intact tobacco cells. He then'used ce]]u]ose to
‘d1sso1ve the ce]] wa]] and free the protop]asts (270) ‘Since"

.'bundle sheath and mesophy]] ce]]s differ greatly 1n s1ze and |

dens1ty. the1r separat1on is much easier than separat1ng frag11e

’

ch]orop]asts; Unfortunate]y, C4 monocot5~appear to be 1mperv1ous.~‘tfv

.to-theSe'enzymes'(147) Hopeful]y. this approach can be |

successfu]ly adapted in the near future.
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Reference - Buffer
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1968 j g
" Slack non-aqueous
et al. : :
- (262)
1969
BJprﬁﬁin
ét. al,
(40)
1969
Berfy et al. Tris
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970 -
Woo et al. . TES
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- see Woo et al; Al53 1970
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Results/Plant
Class 1§ SR
50% B.S.
sugar cane

distorted &
swollen, broken
chloroplasts
sugar cane

Atriplex =
maranthus

corn

Ccorn -l

‘B.S. strands® .

& fragments
Sorghum

variable,

. 60-75% B.S. .

corn and
sugar cane

. Class iI

mesophyll 80%
B.S. 75% :
corn

~Class 17

90% B.S.
85% M.

Sorghum

90% purity, -

93% intact
M cells,

©70% intact
B.S. cells

: - -Digitaria

-gorn



Lyttleton (1970) used Ludox, a colloidal si_Hca',‘. as ar'sub{ |

stitutejforpsucrose in a discontinuous_densftyjgradient (187).

' Non-toxic-Ludox has a’high density;iahlow uiSCOSity;-and a
neg]ig1b]e osmot1c potent1a1 wh1ch a]]ows the separat1on of 80%
of the ch]orop]asts as class I The 1ncreased dens1ty of starch-
Tadened bundle sheath chTorop]asts increases the potent1a] app11->
cat1on of thTS method to C, Plants. | _

-KarTstam and’ A]bertson.(1972)'USedhcountercurrent distri— E

’ but1on to separate cTass I from cTass 11 sp1nach chToropTasts, .
thTS techn1que is normaTTy app11ed to who]e cel]s The cons1stent

"app11cat1on of an approprlate phase system standard1zes the B

' d1str1but1on of organeTTes in ‘the dextran - poTyethyTene gTycoT B

| m1xture (154) Mesophy]] and bundle sheath chlorop]asts m1ght -

) respond d1fferent1a11y to. th1s method ' '

a4 _C._O.z"f-fF:i&a...tion - the C4 Pathway i

:" Hatch and STack/postulate the ex1stence of two 11nked
' -:carbon f1xat1on cycles ( 126 ) The mesophy]] enzyme, phos- :
Tphoenoprruvate carboxy]ase, is the 1n1t1a] carbon f1x1ng y
;g :enzyme The product of th1s f1xat1on, oxaToacetate, is convert- fe~ 3
' Ted to the more stabTe malate or aspartate Malate or aspartate
| then donates 1ts fourth carbon atom to an acceptor moTecuTe
<.The second cycle occurs 1n the bundle sheath and 1ncorporates :
", most of the reactlons of the C, pathway.- .' - |
| »Investjgat1on of th1s C4 pathway.1nd1cates the‘convergent
1eyoTuti:on‘of.CAp._]ants.vii'threspect tohfactors‘inyoTving C02‘

L |
\ v |



df:‘fixatton Downton and Tregunna hypotheSIZe a further correIa-“:
tion between CO2 f1xat1on, the degree of appress1on of chIoropIast'

| IameIIae, and the presence of PS II.in C4 pIants (90)

~5. Ev1dence of a Poss1b]e Photosystem II Def1c1ency L

: 1n BundIe Sheath Ch10ropTasts

In1t1as 1nvest1gat1ons of C4 photosynthes1s indicated a

',vposs1b1e PS 11 def1c1ency in the bundle sheath ch]orop]asts

The h1gh chI a/b rat1o, character1st1c of PS I, is observed in

}the agrana] bundle sheath’ pIast1ds of ‘Sorghum b1coIor and in’
I -‘fthe nearIy agranaI bundle sheath pIast1ds of Zea maz (6 71,
._235) _ S

WOo et al. detected enr1ched F735 and greatly diminished

‘.F685 and F695 in 77 K quorescence emission spectra of Sorghum
v'b1color»bund1e sheath fragments (F1g 6) (286). They emphas1zed
| the s1m1]ar1ty between the 77°K quorescence em1ss1on spectra
. of d1g1ton1n photosystem I particles and the1r bundle sheath
| o fragments.‘ WOo et al. reported the quantum y1e1d of f]uorescence ,
. as 0 13 for the mesophyII and 0.19 for the bund]e sheath. -The
: ='D1chanthium quorescence data obta1ned 1n th1s study 1nd1cate __7
V';’:a h1gher (2 I) M/BS relat1ve quorescence y1e1d Bazzaz and |
‘Gov1ndJee reported that mesophyl] f]uorescence is stronger than

v‘bundle sheath quorescence in corn (29)

WOo et aI extended the1r 1nvest1gat1ons to other PS II

» ‘parameters They fa11ed to detect measurab]e H1II reactlon o
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- actiVity*(NADP1phdtdreductfon; orKOZ'éVd1ution)'1n the bund]e o

sheath ch]orop]ast fragments of either Sorghum b.co]or or

Zea maz In contrast,vthe mesophy11 ch]orop]asts exh1b1t |

,hlgh.Hlll‘reactﬁpn'activity.h.A]]lch]oroplasts,tested show strong

| phbtdreduction'of'NADP in the presence df ascorbatefDCIP (PS I).

Normally, cyt f is oxidized by excitation of PS I and reduced"

By excitation'bf'PS I, The{Sorghum bicold%'and 2ea~”z meso-

phy]] ch]oroplasts exh1b1t ‘this expected wave]ength dependence

- for the ox1dat1on of ¢yt f, in contrast to the wave]ength 1nde-'

pendent'photoox1dat1on observed in bundle sheath ch10rop1ast'

fraéments'(286),'”DCMU4treated chToroplasts Tose PS 11 activity,“:e.

“and oxidize cyt f independently of wavelength, in a manner remini-

'scent'of;bundle sheath chiorop]ast fragments.

The PS II electron carrier, cytochrome b559",appeared
to'be‘m?ssing'in bundle sheath cthropTast'fragments“(286) Wool

et‘al c1a1m to have conf1rmed their ch]orophy]n f]uorescence

,and_cyt'b559 data on intact bund]e sheath cells, a]though they i
.performed their experiments on ch]oroplast'fragments : S1nce-the1r :

hund]e sheath cells were in fact bundle sheath strands, it is :
‘ d1ff1cu1t to v1sua11ze how they could have measured ‘a f]uorescence’
' em1ss1on spectrum w1thout encounter1ng serious prob]ems w1th
7.dse1f~absorpt1on Spec1men cond1t1on, therefore, rema1ns a potent1a1 _': :

. source of error in this exper1ment

' Woo et'al conc]uded that agranal bund]e sheath ch]orop]asts

are def1c1ent in PS II pigment assemb11es Re]ated work by
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Andersqn_et al. and by'others invd]Veddsimi;ar'results and con-
clusions: (3, '5' 6, 47, 233). Anderson et al. observed a simi-
larity between the p1gment compos1t1on of bundle sheath fragments
and d1g1ton1n-photosystem r part1c1es (6). The act1on of d1glton1n
on mesophy]] ch]orop]asts para]]eled that on sp1nach “In contrast.
bund]e sheath ch]orop]ast d1g1ton1n fractlons were almost un1-
"-form in compos1t1on and activity (6) |

Anderson et al . confirmed the ‘work of Woo et al. on a prep-
arat1on of re1at1ve1y 1ntact bund]e sheath ch]orop]asts in an h
attempt to e11m1nate the possibility of se]ect1ve PS. I1 destruc-

t1on dur1ng isolation (5) A]though these ch10r0p1asts showed

' interna] structure and lacked the high]y ‘refractiie appearance.char;.»

acteristics of class I chloroplasts under phase COntrast mfcroscopy,5 .

 the ch1orop1asts were reported to swell ‘on the m1croscope s]1de
'Anderson et a] 1nterpreted th1s as 1nd1cat1ng the presence -
- of @ an outer-membrane Anderson c1a1med th1s is another form ’
.of c1ass I chlorop]asts, but. conceded that some components may,
be: m1ss1ng (3). | o
Anderson et al. 's carefu]]y isolated bund]e sheath

chlor0p1asts were st111 on]y capable of between 5-15% of the
H_imesophy]l PS II act1v1ty Agranal Sorghum ch]orop]asts were

v handas'actiye as the‘near]y agrana] corn ch]orop]astsf =Ander- B

“son et\aT' concluded that the former harsh isoiation"procedure
d1d not art1f1c1a1]y inactivate PS II. The young age ofvthe l ei

| hexperImental mater1a1 (2 3 weeks) is the only obv1ous potent1a1
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| weakness of th1s work. since at 1east sugar cane bund]e sheath

| ”fch]orop]asts deve]op grana before becom1ng agrana1 (174)

These stud1es wh1ch show a def1c1ency of PS II in bund]e .-

‘sheath ch]orop]asts, are now be1ng quest1oned by many researchers

in light of the ev1dence presented below Ch]oroplast 1so]at1on

' damage, once aga1n, appears to be the poss1b1e nemes1s of 1nvest1-'
'1'gations 1nvo]v1ngzc4 photosynthes1s However, the d1screpanCy o
”-dbetween tne‘evidenCeffor and.against the ex1stence'of-PS II-

f1n the bundle sheath chloroplasts is not we]] understood ~"The

' Vdata obta1ned 1n thlS in situ study comp11ments the data obta1ned

w1th ch]orop]ast fragments, thereby 1ncreas1ng our: understand1ng

“of the general phenomenon._ )

‘JGt‘ Ev1dence Favor1ng_Photosystem I1- Act1v1ty 1n Bund]e
Sheath ChToropTasts v - _ v

B Recent d1scover1es 1nd1cate the presence of an eas11y damaged

PS I in bund]e sheath ch]oroplasts (2 38). Us1ng corn’ bund]e
: ‘:sheath fragments. B1shop, Smillie and Andersen detected DCMU-
- yysen51t1ve H111 react1on activity equal to 70 80% that of ‘the.
v‘;meSOphy]] prov1ded that e1ther DCPIP, cyt (o or potass1um ferr1-'
'1 cyan1de 1s ava11ab1e as an electron acceptor (2 38 39, 264,

| "265)

However, 1n agreement w1th ear11er work they cou]d detect

' ne1ther NADP med1ated H111 react1on act1v1ty, nor wave]ength depen- T

t:;l dent photoox1dat1on of cyt £ (2). Add1t1on of p]astocyan1n perm1t-ai"

: ed them to ach1eve NADP photoreduct1on by agranal Sorghum b1color o
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: ch]oroplasts (265). This_needvfor p]astocyaniniwas inverseiy”
related to the integrity of the specimen: The mod1f1ed gent]e
1solat1on techn1que of Anderson and Boardman decreased the need
for plastocyanin, while son1cat1on 1ncreased th1s need (265)

" Anderson claimed that Bishop et al.'s p]astocyanin-1nduced
NADP-reddction resU]ts from the'smaTl quantities Of‘PS iI.

3>present, and not from a we]] developed PS II (3),V B1shop et a]

c1a1med that this NADP photoreduct1on or1g1nated in PS~ II be--

cause 1t is 11ght dependent and suscept1b1e to DCMU Consequent1

'1y, B1shop et al. hypothes1zed the presence of both photosystems
I and II in agrana] p]ast1ds, however, they suggested that the
, norma1 11nk between the two photosystems is missing (38) Iso-
1at1on m1ght have d1srupted so]ub]e 11nk1ng prote1n s1m11ar or

1dent1ca1 to p1astocyan1n (264)

A re]ated observat1on was the naturally occurr1ng wave]ength :

_ _dependent-photoox1dat1on of cyt f by ;1ntact bund]e sheath ce]]s' S

» (39)' Th1s photoox1dat1on revealed the unusual suscept1b111ty
of bund]e sheath ch]orop]asts to isolation damage, since B1shop
cet a1 conf1rmed that isolated bundle sheath ch]orop]ast frag-
ments do not have this wave]ength dependence. ’ |

| ~Anderson et al. cr1t1c1ze the work of_Blshop,‘:Smillie,
"_and'Andersen'for obtaining very low mesophyll reaction rates
”(5). it is also unusual that their chl a/b ratios were.low »
"and.were always between 1.6 and 2.6 for both mesophy]] and

bundle sheath plastids. The chl a/b ratios of the two plastid

M
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‘_tYPesediftered”By onIyab 6. ThfsssmaII'd{fferencefmight’have

“been a funct1on of the very young age of the1r exper1menta1

'f';:mater1a1 (2 weeks), a]though B1shop et a] c1a1med to_obtaln"

.s1m11ar resu]ts on: mature t1ssue ‘In e1ther'caSer because of'
the pro]onged ontogeny of bund]e sheath ch]orop]asts, it wou]d- |
seem: safer to exper1ment upon mature p]ants | e

_ Adequate support for the above work was. supp11ed by Mayne j:
o and,BIack‘(41. 191 192) who worked on mature t1ssue with: h1gher A'l
'-'chI a/bfratios They isolated intact mesophy]] ind bundle sheath
cel]s from 1g1tar1a for exper1ments wh1ch prov1ded extens1ve o

ev1dence for the ex1stence of PS II in near]y agrana] C4 .

B bund]e sheath ch]oropIasts The1r careful spec1men preparat1on

'procedure was the key to the1r success, and conferred upon
the1r study a h1gh degree of cred1b1]1ty ' -They documenteddmf
vcomp]ete e]ectron transport from water to NADP 1n both types;h
"of ch]orop]asts, a]though the ratio of PS II to PS T was 2- 3"}-
:; times ‘higher in mesophy]] chIoroplasts (191) -Tab]e 3 and t. d
.'F1gure 7 summar1ze the data from the1r work The work of - ;
Karp1]ov (155), in the USSR, is also in agreement w1th Mayne o .
Land Black's data (191) | | o \ d o
| Bazzaz and Gov1nd3ee detected approx1mate1y equa] PS II“
“act1v1ty 1n the mesophy]] and bund]e sheath chIoropIasts of .
' t';ggm_axw, a]though,thetr f}uorescence 1nduct10n data‘and spectra *;5
* agreed with Boardnan's (Fig. 8) (113). The bundle sheath™

i ch]orop1§$ts were more active:than'the mesophy11 chloroplasts -
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~ Table 3. Summary of spectral and electron tranéport characteristics

of mesophyll cells and bundle sheath celis from 1g1tar1a -

an9u1na11s after Mayne, et al. (191).
Character1st1c ‘ Mesophy!l:bundle sheath
Absorptlon at 700 nm 12
- P-700 change - 1:2 .
Ratio of f730:f685 o 1:3 .
Chlorophyll a:b ratio. . 3:4.5 -
Delayed light emission 2:1
Variable fluorescence yield 2 or 3:1
Ferredoxin NADP-reductase Jor 4:1
Hill reaction activity , 2:1
Glyceraldehyde 3-P dehydrogenase: 11
1:20

Ma]ic'enzyme
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in the reduct1on of methy] v1oIogen us1ng reduced DCPIP as donor
in the presence of DCMU th1s m1ght have resu]ted from the meso-’
phyII S. reduced ab1]1ty to use‘water as a donor for DCIP reduct1on‘
' (113) When DPC was used as donor, ‘the mesophyII did have a |
":h1gher PS II act1v1ty than the bundIe sheath (113)

Ba11ey et a] treated Sorghum b1coIor with. SDS and then J; o

| Iseparated the prote1n complexes by eIectrophores1s on-a po]y—
v.;acry]am1de gel (16) Sorghum mesophy]l ch]orop]asts and sp1nach -
ch]oroplasts both y1e1ded a PS I - prote1n complex / PS 11 -
. proteln comp]ex rat1o of approx1mate1y 1:2. 2 ~In contrast,

the rat1o was 1:0. 7 in bundle sheath chIoropIasts Th1s Iarge

”-‘quant1ty of PS 11 prote1n, however, appeared to be somewhat

| p1gment def1c1ent Neverthe]ess, the ex1stenre of the prote1n
'supports the potent1a1 presence of PS 1II in bundIe sheath o

v chlorop]asts | 1 :‘ | o | | : -

.”.‘ Therefore, most 1nvest1gat1ons of C4 pIants 1nd1cate theA

presence of PS II act1v1ty in the stud1ed agrana] bund]e sheath

“..chIoropIasts, Th1s correIates well with the measurementS’of

variable fluorescence recorded in this study. | [f_-

F. Thesis ProposaI

|

In1t1a11y I 1nvest1gated the observed d1fference in. appear-r'bﬂf..

”jance of mesophy]] and bundIe sheath ch]orop]asts under the E

'hquorescence m1croscope, hop1ng that it wouId e]uc1date the I t*_if"

”’d1str1but1on of the two 11ght react1ons of photosynthes1s be-
"‘Iatween the two types of chIoropIasts FTrst, Ifconf]rmed th1s-‘-:'
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observat1on on a var1ety of C4 plants bes1des suqar cane, and
analyzed .the cause of this phenomenon us1ng 1nfrared color
-f1lm,rand 1nfrared black and wh1te film. These photograph1c‘”
data 1nd1cate the extent to wh1ch ‘the apparent low fluorescence
y1eld of bundle sheath chloroplasts is actually a decrease in

y1eld a sh1ft toward longer wavelengths or a comb1nat1on of

both phenomena
o To character1ze the bundle sheath lamellae us1ng fluorescence

technlques, 1t 1s preferable to des1gn a techn1que for study1ng g

chloroplast fluorescence 1n s1tu because fluorescence character- '

1st1cs change rapldly upon 1solat1on In s1tu study w1th the
fluorescence photom1croscope avoids the spec1al problems of
_physical’ and chemlcal damage assoc1ated w1th the 1solat1on and f
separat1on of C4 chloroplasts '

The unusual fluorescence patterns in agranal bundle sheath

= chloroplasts 1mply a poss1ble PS II def1c1ency Th1s pOSSlblllty s

is. 1nvest1gated by us1ng variable fluorescence as a measure of

*ps Ir. - o T R

In1t1ally it was assumed that unappressed C4 bundle sheath ‘fli'

A

chloroplast lamellae were analogous to sp1nach stroma lamellae

Consequently, 1solated agranal bundle sheath chloroplasts m1ght

L const1tute an 1solated PS I, analogous to sp1nach stroma lamellae, oy

wh1ch could be observed in s1tu It is now apparent that the

s1tuat1on 1s more complex, and some PS II activity ex1sts in these

x'gmembranes. Therefore, unappressed C4 bundle sheath chloroplast

|

I
|-
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1amel]ae m1ght be ana]ogous to deve]op1ng C3 ch]orop]asts wh1ch

. have. not yet ‘acquired appressed membranes, to reduced ch]orop]asts~:_v'

which have secondarlly lost the1r grana to d1ssoc1ated C3 ch]oro-v-v

p]asts analogous to the ch]oroplasts 1solated by Izawa and

' "Good in low salt med1a to structura] chlorop]ast mutants or to aaa
| comb1ned structura] and funct1ona1 ch]orop]ast mutant 1Ch]oro-
ip]ast f]uorescence patterns in C4 p]ants are compared w1th the |
) degree of 1ame11ar appress1on as dep1cted in the e]ectron m1cro-"'

| ~ ‘graphs of N.M.-Laetsch,'as well as other publtshed data. -
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II. Materials.and Methods_

A, Experimenta]'Materialsf:7

:;v‘ Tab1e 4 11sts the growth locat1ons of the exper1menta1 |
' p]ants used in th1s 1nvest1gat1on Tab}e 5 outltnes the re]e-: ‘. 1 .
vant growth.cond1tjons., ATT plants are,SOii'gronn3and.propa-'
.gated*from seed, with the eXCeptiondof“the sugarhcanelIWhich is
| propagated 1n verm1cu]1te from a port1on of the cane stem The '
_young p]ants are transferred to so11 after they attain a he1ght

of ]2 16 1nches 3 _' | .

Only mature, dark green hea]thy port1ons of leaves are used

in experwments Wh1te (sp1der-m1te damaged areas) and d
spottedvaréas‘are avo1ded “The red spots are a reaction of. .
:cane leaves to art1f1c1a1 ]1ght cond1t1ons, ‘and can be a]most
iacompletely e]1m1nated by lower1ng the photoper1od to n1ne hours.
:-or less (18). | | R -
The exper1menta] 1eaves wh1ch are schedu]ed .to be photo-
._graphed with h1gh Speed black and wh1te 1nfrared f1lm, are
bfresh]y p1cked the day of each exper1ment ~ They are temporar-,
"11y stored in plast1c bags at 4 C. The 1eaves, schedu]ed to be 1f;
photographed w1th 1nfrared co]or f11m, are cut pr1or to use } 5;.

- _and are also stored in p]ast1c bags at 4°C Most leaves may

L be stored in th1s manner for three days, a]though 1eaves were

.“tprcaljy,sect1oned within two hours of being detached.
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Table 4. Growth Locations of Experimental Plants

'P1aﬁf?$beéie§Tﬁf51“151 _ Outdoors _Greenhouse = ’Chamber

Amaranthus edu11s S

Wichx. ex moq. |

- mature ~ : - . G-
coty?edon .;f;;, . ¢

o ,Atr1p1ex 1ent1form1s o L e
TTbrr )‘Wats ‘ o _ o

T 1: Cenchrus sat1va S .G
. ~C nodon_ dact lons*5_, v UCBL*l |
| (E ) Fers. - ;{- R

'D1g1taria sangu1na11s ~ UCBL :  S

_chhanthiumfénnulatum o o G
Forssk.) Stapf B '
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{L. 1nk s o
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| £
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fSer EE : "! NP S n S
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Greenhouse
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4%

 Growth o
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Sorghum caffrorum ;

Beauv.

, SQaFtina‘fo1iosa "f ' "FGlif-:‘x.-_

- Spinacia o]eracea . F.

L1nn.

Saccharum off1c1narum ,

Linn,

;f(ucsL)-__‘i —z"
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S
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Plants grown on a U C. Berkeley 1awn
" Field grown p]ants

Farm grown p]ants.

* Greenhouse gfown‘b]ahts."

':_S

‘Plants " grown in a small. growth chamber; =

Plants grown in.e 1erge growth ehambef.f



TaQ]ef§gf;GfothAcohditions of»Experimehta] P]aht$;fV

Growth
- Conditions

.'Outdoors‘

Greenhouse

A

_ Growth Chambers: *
158"Large
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“Ortho Home
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B. Preparation of . Exper1menta] Mater1a] for
) fObservat1on _

’ Uh]eSs'otherwise indicated a]] experimenta1'materiaT'is_

obta1ned from fresh, untreated p1eces of leaves Table 6 .

]1sts the 1ngred1ents of the three buffers used to suspend the

a]eaf mater1a1. The' 1soascorbate and pyrophosphate-are added SN

: just'prior'to'thé start of each experiment.ffCompTetedfbuffers

A and.C are dlscarded after 16 hours. CompTeted buffer E may

rbe usedvfor approx1mate1y one.week Incomp]ete buffers can be
f'pstored'for months fnfthe freezer. E1ther subst1tut1on of NaOH
~ for KOH;_Or.theiprésence‘Of_Trfs buffer tends tosalter the
| fluorescence-from that naturaf1y7observab]e-inﬂ1eafYSectiOns'
"]fioatingjin HéO Consequent]y, these 1ngred1ents are avo1ded

in the standard buffers The effects “of Tr1s buffer and 1ons

on ch]orop]ast fluorescence are’ d1scussed in sect1ons I C2 and I

’ A sharp sta1n1ess stee] razor b]ade and a dry p1th st1ck f
are used to cut fresh Cross. sect1ons of sugar cane 1eaves
'Softer ]eaves are sect1oned on a Lab L1ne/Hooker Plant -
| M1crotome #1225 (Fig. 9a). . This m]crotome‘1s Spec1f1ca1]y"
des1gned to sectjon»fresh‘materiai. _A’sharp'razor blade;
'nOUnted'atvthe‘end,of'a'circulariy;rotating:arm,.comes fn"."

contact with the leaf once each'360° rotatfon (Fig. Qb)'

" The fra11 leaf 1s supported from be]ow by a recfangular plece -

of carrot tlssue A manual]y operated stage holds" the carrot-

supported;]eaf. Each notch of the manua],advance control




Table 6. Composition of Experimental Buffers

_ (rédUctant)

‘Jensen- - Jensen-
Bassham .~ 'Bassham
Solution A- = Solution C- ' o
mod1f1ed .mod1f1ed ' So]ution E -
Buffer ©0.05M MES** 0.05M. HEPES*** 0. 055M PO,
pH 6.1 with KOH* 7.2 with KOH* 7.2 with KOH*
Sorb1to] 0.3 0.33M 0.3
'{;NaN03 0.002M 0.002M 0.002M -
EDTA . ~0.002M 0.002M =~ - 0.002M -
dipotassium - R =
MnCl, 0.00M  0.00IM - . 0.00IM
Mgc12]""' - 0.001M 10.001M 0.001M -
NaCl 0.02M
_KZHPO 0.005M - 0.005M buffer
‘Pyrophosphate* - 0.005M ~0.005M - . 0.0IM
~ Nagh07 . 10 H0 S ) |
" Sodium isoascorbate* 0.002M 0.002M no reductant -

“* Stored separatély ;iadded=ju$t prior to usé;f

- [2-(N- morphol1no) ethanesu]fon1c ac1d)] |

ekk (N 2- hydroxyethy1p1peraz1ne -n -2 ethanesulfon1c ac1d)



 Fi§. 96.Z'Léb'Liné'/'Hookek'Plaht Microtome-'
#1225

'Fig.'gb.' A view, from above, 1ooking‘dowh Upbn-"

_the‘éutting_mechaniém of the microtome. VThe_meta17'

f  p]atewwhiCh holds the carrot in place is removed.

50
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pulls the specimen approximately 12 microns closer to the
knife. Consequently, the thinnest possible section is 12
microns. Multiple advances resulting in sections approximately
24 to 36 microns thick can be made between knife rotations.

Chloroplasts are isolated into solutions A and C, according
to the procedure of Jensen and Bassham (148). During the iso-
lation of sugar cane chloroplasts, it is frequently necessary
to remove excess starch grains and cell debris by a preliminary
5-minute centrifugation at 200 g. This cell debris also contains
a small number of isolated cells.

Only fresh (unfixed), untreated leaf sections are photo-
graphed in color. Approximately one-half of the experiments
involving high-speed black and white infrared film involve
experimental chemical treatment of fresh (unfixed) leaf sections.
Table 7 outlines these procedures.

Prior to microscopic examination, the specimens are covered
with #1 1/2 cover glasses (0.16-0.19mm). Most objective lenses
are corrected optically for this thickness in order to minimize
spherical aberration (158). Beeswax is used to seal the cover
glasses on those specimens destined to be photographed for
periods longer than 10 minutes, after excess buffer is first
removed with absorbent paper.

Specimens for electron microscopy are fixed according to

the current fixation schedule of Laetsch et al. (Table 8).



Table 7. Chemical Treatments of Experimental Plants

Minimum
Final Time of Removal of
Concentraticn Vacuum Incubation Special Chemical
in Moles/liter Solvent Infiltration In Minutes Conditions Treatment
15°C
NBT 1074 Buffer E No 15 strong No
1ight
DCMU 107° Buffer E No 5 4°C No
DCMU 109" Buffer E 5 4°C No
followed by strong
the addition No light
of NBT 107 Buffer E 15 15°¢ Yes
Tris, pH 8.0 0.8 H20 Yes 60 4°C Yes: substitute
Solution E
Tris, pH 8.0 0.8 H20 Yes 60 4°C Yes: substitute
Solution E
transferred to-
HA 3 x 10 Buffer E No 5 4°C No
Tris, pH 8.0 0.8 H20 Yes 60 4°C Yes: substitute
’ Solution E
transferred -4
to NBT 10 Buffer E No 15 4°C No

€S
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Table 8. W.M. Laetsch - Current Electron Microscope Fixation
and Embedding Procedures, Dec. 1970

Day 1
2% glutaraldehyde in 0.1IM. Na Cacodylate buffer - 3 hrs. room temp.
rinse in 0.1M. Na Cacodylate buffer 20 min. 3 times at room temp.

2% 0.0, in 0.1IM. Na Cacodylate buffer - 1-2 hours at 4°C

s 4
30% Acetone 30 min. at 4°C
50% " 30 min. " "
705 " & 1% Uranyl Nitrate overnight " "
Day 2
90% Acetone 15 mins. at 4°C
95% n '|5 " " n
100% " 20 mins. 4°C warm to room temp.
100% " 30 mins. 2 times at room temp.
Propylene oxide 30 mins. 2 times " " e
To 1 ml Propylene oxide add 5 drops Coulter Epon 15 mins.
1.5A /1.0B + 1 1/2% Vol. DMP N
s & B .8 . “ 5 more drops Coulter Epon 15 mins.
n (1] n L] " n ‘]0 more " n n 60 m.i ns "
(1] n 1] n n " equa'l vo'lume " n 2 hours
Pure EpOfi ====-cmeomc e overnight room temp.

Embed in moulds. After 8 hours, transfer to 45°C. After 15
additional hours, transfer to 60°C. Let the moulds harden for
2 days at 60°C and for 1 day at 95°C.
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C. Fluorescence Photomicroscopy

The following is a list of microscope equipment used through-
out this investigation (Fig. 10):

1. Zeiss Fluorescence Photomicroscope

2. High-Pressure Mercury Vapor Lamp, HBO 200 W/4

(Fig. 11).
3. KG1 Heat-Absorbing Filter (Zeiss #46-758-30, Fig. 12b).
4. BG38 Red Suppressing Filter (Zeiss #46-78-85, Fig. 12a).
5. BG 12 Exciter Filter (Zeiss #46-78-89, Fig. 12c).
6. Heat Reflecting Filter (Zeiss #46-78-32, Fig. 12b)
or one centimeter path of 7% CuSO4.

7. Achromatic - aplanatic phase contrast fluorescence
condenser (NA - 1.4).

8. Objective lenses: Planapochromat 25/0.65;
Apochromat 40/1.0 oil with iris diaphragm; and
Phase 100/1.3 oil.

9. #53 Barrier Filter (Zeiss #46-78-66, Fig. 12d).

The adjustment of the above equipment to conditions optimal
for observation of fluorescence is critical for fluorescence
photomicroscopy. The optics must be carefully aligned, while
all diaphragms must be open. The condenser and lenses used
must be of the highest possible numerical aperture. The
condenser is coated with oil and set on its bright-field

position in order to maximize the collection of light.
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Fig. 10. The path of light in the fluorescence photomicroscope.
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Fig. 11.

lamps. after (298).

Spectral emission of HBO 200 W super-pressure mercury
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Fig. 12, Spectral properties of Zeiss filters.
after (296).
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For color photography, the condenser is adjusted to attain
the most intense, visible, even fluorescence possible. Since
it is desirable to have a uniform actinic light intensity for
all quantitative high-speed black and white infrared photo-
graphic work, the need for a uniform condenser setting becomes
critical. This setting is standardized by adjusting the condenser
for Kohler illumination prior to switching to fluorescence.

Although the Zeiss photomicroscope contains a built-in
automatic camera, it is not suitable for fluorescence photo-
microscopy. Even under ideal conditions, the fluorescence
intensity is very weak, while the indirect optical path between
the specimen and the film results in a loss of nearly 90% of
the potential Tuminous intensity (65). Although this does not
interfere with transmitted light photomicroscopy, the loss is
quite unacceptable for fluorescence photomicroscopy. This
intensity loss is supposedly eliminated on the newer model
Zeiss microscopes because the camera is located directly above
the objective lens. Further problems arise from the insensi-
tivity of the built-in light meter to wavelengths of light
above 650 nanometers (295). Since almost all chloroplast
fluorescence occurs at wavelengths above 650 nanometers, the
cesium-antimony photocell is not an appropriate light detector.

The best results are obtained by mounting a camera back on

the microscope top, in direct 1ine with the specimen (Fig. 13a).



Fig. 13a. Zeiss fluorescence photomicroscope with
Besseler Topcon camera back mounted on top.
camera back (c)
straight mounting tube (t)
basic body II (b)
Fig. 13b. Another view of the microscope showing
the optical equipment between the'specimen and the
film.
custom made filter box (f)
insert for barrier filters (i)

focusing eyepiece (e)

59
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This is made possible by a straight mounting tube (Zeiss
#47-39-20), and a Basic Body II (Zeiss #47-60-11). - An adapter
is also necessary for commercial cameras. Tne Basic Body II
incorporates a rotatable prism which can vary the direction of
the light beam between the camera and the focusing eyepiece
(Zeiss #47-60-25).

The straight mounting tube includes a custom-made filter
box (Fig. 13b) which permits the insertion of 2" x 2" glass
filters between the specimen and the camera.

A Wratten 88A fi]ter transmits infrared radiation while
blocking visible radiation (Fig. 14a). A Corning 2-63 Filter
cuts off all wavelengths below 580 nm, while transmitting
85% of all wavelengths above 630 nm (Fig. 14b). This filter,
while not interfering with chloroplast fluorescence, effect-
ively eliminates the fluorescence of lignin which can inter-
fere with the quantitative analysis of high-speed black and
white infrared film.

Both Wratten and Corning filters can be cut to a size
easily inserted into the microscope column. Since interference
filters cannot easily be cut, the use of a series of Baird-
Atomic interference filters necessitated the construction of
the filter box shown in Fig. 13b.

Twelve of the thirteen Baird Atomic Interference Filters

belong to the B-1 series, and consequently have a half band
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Fig. 14a. Spectral properties of Wratten 82A filter. after (159).

Fig. 14b. Spectral properties of Corning glass filters. Starting

at the left: 2-63, 2-62, 2-61, 2-60, 2-59, 2-58, 2-64. after (80).
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width of 10 nm (Fig. 15 and 16). The 709 nm interference
filter belongs to the BA-1 series and has a half band

width of 5 nm (Fig. 16). We have checked that all of the
interference filters are blocked against secondary trans-
missions. The total transmission outside the transmission band
regicn is less than 0.1% (17). This percentage was confirmed
as described below.

The percentage transmission of each filter is measured from
the spectra obtained on a Cary Model 14 spectrophotometer equip-
ped with a "%T slidewire" (Fig. 15 and 16). Perpendicular
positioning of the filter is critical, and is most easily attained
with the "Cary Standard Transmission Accessory".

The area under the Percentage Transmission Curve of a
filter is a measure of its total percentage transmission
(Table 9). Since the filters are used for a quantitative analy-
sis of fluorescence emission, it is necessary to correct for this
varied transmission. The proper filter correction factor is
determined by comparing the area under the % transmission
curve for one filter with the corresponding area for the filter

with the maximum transmission (cf. section IV.F).

D. Film

1. Analysis of Emulsion Characteristics

When quantitatively analyzing film exposed to different

wavelengths of light, it is necessary to correct for the
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Table 9. Relative Spectral Sensitivity of High Speed Black and
White Infrared Film and Interference Filters

Relative
Area Under
Peak Percentage
Wavelength Relative Diffuse Transmission
of 20 nm band Film Density* Curves
644 11.24 0.22
661 10.61 0.28
671 10.90 0.28
580 11.03 0.21
689 11.89 0.29
696 12.65 0.28
701 12,52 0.22
707 12.90 0.28
705 12.90 0.12
715 13.20 0.24
722 12.99 0.26
731 12.91 0.23
741 13.23 0.30

*as measured on the Joyce-Loebl Double Beam Recording Microdensito-

meter (cf. II. E).
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spectral sensitivity of the film emulsion. A 35-mm camera
loaded with the film under investigation, is placed in front
of the exit slit of a Bausch and Lomb 500 nm grating monochro-
meter. For an accurate comparison, the film must be exposed
to equal numbers of quanta of different wavelengths of light.
A calibrated silicon photocell (92) is substituted for the
camera that was in the path of the exit rays of the monochro-
meter so that the number of quanta may be adjusted. The

3mm slit width setting corresponds to a half band width of

10 nm.

Therefore, it is now possible to expose the film to approxi-
mately equal numbers of quanta of 20 nm wide bands of 1light
centered at different wavelengths. An analysis of the density
of the exposed film determines the spectral sensitivity of
the film in that region (Table 9). In a manner analagous to
that used to compute the filter factor, the film correction
factor is obtained by comparing the relative diffuse densities
of the film exposed to 20 nm bands of light centered at differ-
ent wavelengths.

2. Infrared Color Films

With the exception of the photographs shown in Figures 21a
and 22, Infrared Aero Ektachrome 8443 is the infrared color film
exclusively used in this investigation. Since the film quality
differs between emulsion batches, it is advisable to purchase

large quantities of film of a single emulsion for a given
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experiment. During the two-year course of this investigation,
eighty rolls of infrared color film, corresponding to four
separate emulsion batches, were used. The spectral response Of
each film emulsion is tested before the film is accepted for
experimental use. The spectral responses of the four separate
film emulsions accepted were uniform enough for qualitative
color analysis. A fifth emulsion batch proved unacceptable.

Since infrared color film is especially sensitive to
emulsion deterioration, the film must be obtained fresh and
immediately stored at -10°C until its actual use. A "frozen"
35mm film cassette requires about four hours of thawing to
return to room temperature. The film must be processed or
refrozen (in the presence of a desiccant) immediately after
it is exposed.

For proper development, infrared color film requires
strict E-3 processing. The resultant positive image film
(commonly referred tb as "slides"), maintains a very precise
spectral response. Figure 17 illustrates the response of the
film to monochromatic light. Internegatives must be prepared
from the slides in order to obtain these positive prints.

The film is exposed according to the procedure outlined in
Section II D; however, the monochrometer slit width is now
set at 1 mm to provide greater spectral resolution.

As illustrated in Figure 17, infrared color film 8443,

a false'color film, records wavelengths between 660 and 690
|
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Fig. 17a-c. Spectral response of Infrared Aero Ektachrome
film fo monochromatic light. Starting at the top, the wave-
lengths are: 660, 690, 696, 698, 700, 702, 704, 706, 708, 710,
715, 730, 750, 780,

Fig. 17d. Spectral response of Infrared Aero Ektachrome film
to double exposures of limiting amounts of 68G and 730 light.
The ratios of 680 : 730 starting at the top are as follows:
2:1s 131, 1:25 1:4, 1:8, 1216, 1:32.
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nm as yellow, wavelengths between 696 and 700 nm as gold, wave-
lengths between 702 and 706 nm as orange, wavelengths between
708 and 730 nm as red, and wavelengths between 750 and' 780
nm as violet. Note the subtle, but distinct difference between
yellow and gold. The film is therefore capable of registering
unique responses to wavelengths in this region of the spectrum.
This very precise pattern of spectral response, is achieved
as follows. Infrared color film 8443 contains separate cyan-
forming, yellow-forming, and magenta-forming dye layers, each
with. a different spectral sensitivity (Fig. 18). The process
of image formation in infrared color film, as in other positive
image film, is one of bleaching, rather than of deposition.
The spectral sensitivity of the cyan-forming layer refers to
its loss of cyan dye at the stated wavelength of light. Figure
19 indicates the coordinated reactions of the three dye layers
in infrared color film 8443 which produce its characteristic
color formation. For example, only the cyan-forming layer
is sensitive to 730 nm light. Consequently, a strong exposure
to 730 nm light will cause the complete loss of cyan dye. In
contrast, the yellow and magenta dyes will not be affected.
These remaining yellow and magenta dyes blend to form the
red color which is observed.
Similarly, exposure to 680 nm light equally bleaches

the cyan and magenta-forming layers. Consequently,
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Fig. 18. Spectral sensitivity of the fhree dye layers of Infrared
Aero Ektachrome film, type 8443; cyan-forming layer (a), yellow-

forming layer (b), magenta-forming layer (c). after (160).
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680 ﬁm light of strong intensity will remove all cyan and
magenta dyes from the film, leaving only the yellow dye to
remain as the response to this wavelength.

Natural chloroplast fluorescence is not monochromatic in
that it contains both far-red and infrared components. The
boundary between far-red and infrared light occurs at 700 nm.
Although the film records far-red light as yellow, and infrared
light as red, the response to simultaneous exposure of both
far-red and infrared radiation is complex. As explained above,
since dye-layer sensitivity is equivalent to dye bleaching,
the action of infrared 1light on the cyan layer is redundant
with the action of intense far-red light. Far-red light of
sufficient intensity will cause the loss of the cyan as well
as the magenta dye. Concomitant infrared light obviously need
not bleach cyan dye if the far-red light is capable of bleach-
ing it all. Therefore, the addition of infrared radiatﬁon to
far-red radiation can only affect the film when the farLred
radiation is too weak to bleach the cyan layer completely.
Conversely, once the film is exposed to sufficient amounts
of far-red light to have lost its magenta dye, it will no
longer be capable of forming the red color indicative of
infrared exposures.

Figure 17d explores the response of infrared color film
8443 to double exposures of limited amounts of far-red and

infrared light. The film turns red-orange, instead of red,
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with as little as a 1:4 incident ratio of.far-red to infrared
light. A true orange color develops when the ratio is 1:2.
A true gold color is attained when the ratic is 1:1. A pure
yellow is obtained when the ratio is 2:1. Therefore, when as
little as one-fifth of the incident light is from the far-red,
formation of a true red color is no longer possible. When at
least half of the incident light is from the far-red, formation
of a true orange color is no longer possible. The gold color
resulting from an equal mixture of far-red and infrared light
is readily distinguishable from orange. A yellow color is not
attained unless 60% or more of the light is from the far-red.
Consequently, a yellow color on the film could either be in-
dicative of exposure to far-red light, or of a predominance of
far-red over infrared light. Similarly, a gold color results
either from Tight between 696 and 700 nm, or from simultan-
eous exposure to approximately equal quantum fluxes of red
and far-red light. An orange color indicates incident wave-
lengths between 701 and 704 nm, or else a predominance of
at least 66% of infrared relative to far-red light quanta.
A true req color is indicative of at least 80% infrared
light, and a maximum of 20% far-red light.
Infrared Aero Ektachrome film 8443 is therefore an ideal tool
for studying chloroplast fluorescence because of its innate
ability to distinguish between far-red and infrared components

of fluorescence. Some of this precision is lost in making
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prints from different slides, thereby diminishing the dis-
tinction between red, red-orange, and orange, as originally
recorded on the film,

Although underexposure or overexposure can affect the
colors recorded by infrared color film 8443, the dye response
to infrared versus far-red light still remains different.
In the case of underexposure, the distinction is maintained
by the orange color which results from far-red exposure,
versus the deep red color development resulting from infrared
exposure (Fig. 20a). Overexposed film maintains the distinction
between far-red and infrared by showing yellow-white versus orange
color development, respectively (Fig. 20b).

During the summer of 1971, the Eastman Kodak Company
ceased producing Infrared Aero Ektachrome Film 8443, and started
to produce Ektachrome Infrared Film in its place. Although
freshlEktachrome Infrared Film, when processed by the readily
available E-4 development process, supposedly responds similar-
ly to Film 8443, it is not well suited to a scientific investi-
gation of chloroplast fluorescence. Its most serious dis-
advantage is an unpreventable, relatively rapid emulsion
deterioration. In contrast to the Infrared Ektachrome Aero
Film used in this investigation, and stored without resultant
deterioration for as long as a year at -10°C, the 3 separate
batches of Ektachrome Infrared Film purchased deteriorated
within a month at -10°C. In addition, although fresh Ekta-

chrome Infrared Film can also distinguish between far-red
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Fig. 20a. Underexposed (4 seconds) infrared fluorescence
photograph of a cross section of a leaf of Dichanthium
annulatum (77-5), buffer C, pH 7.1. X 250.

Fig. 20b. Overexposed photograph (60 seconds) of the same

leaf section. X 375. '

Fig. 20c. Fluorescence photomicrograph of glutaraldehyde-
fixed sugar cane chloroplasts (15b-35a) separated on a sucrose
density gradient and recorded on High Speed Ektachrome film.
Although the chloroplasts have been damaged by harsh treatment,
the bundle sheath chloroplast fluorescence appears to be a
purpTe red, as opposed to the scarlet red color characteristic

of the mesophyll chloroplast fluorescence. X 1600.
|
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and infrared radiation (Fig. 2la), the resulting colors are
not nearly as distinctive as those recorded on Infrared Aero
Ektachrome Film (Fig. 21b). The colors associated with Ekta-
chrome Color film developed according to the E-4 process

(Fig. 21a) can be sharpened by changing the development proce-
dure to the E-3 process (Fig. 22) (124). The resulting colors
are not too different from those developed with Infrared Aero

Ektachrome 8443 (Fig. 22).

3. Control Films

Both High-Speed Ektachrome (daylight) and Kodak Infrared
(black and white) film are used for control photographs. Since
the spectral sensitivity of the High Speed Ektachrome film is
similar to that of the human eye, the photographs record those
components of fluorescence within the visible portion of the
spectrum. A chloroplast with a strong far-red component of
fluorescence appears as a rich scarlet red, while a chloroplast
with a strong infrared component of fluorescence is barely

visible as a deep purple (Fig. 20c).

Kodak Infrared (black and white) film is sensitive
throughout the entire visible, as well as most of the infra-
red, portion of the spectrum (Fig. 23a). Since the response
is fairly uniform to wavelengths between 640 and 740 nm,
the density of the resulting photographic negative can
be used to approximate relative fluorescence intensities,

after applying a minor correction factor.



Fig. 2la. Fluorescence photomicrograph of a cross section

of a leaf of Euphorbia serphyllifolia (64-3a) recorded on

Kodak's new Ektachrome Infrared film, processed as directed,
buffer C, pH 7.3. X 375.

Fig. 21b. Same as above recorded on Infrared Aero Ektachrome
Film X . 250.

Fig. 21c. Same as above, recorded infrared black and white
film (66-1A). X 325.

Fig. 22. Fluorescence Photomicrograph of a cross section of

a leaf of Dichanthium annulatum recorded on Kodak's new

Ektachrome Infrared film, processed with the E3 process
in order to change the characteristics of the film, buffer C,

pH 7.0 X 625.
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4, High-Speed Black and White Infrared Film.

High-speed black and white infrared film maintains approx-
imately the same spectral response as Kodak Infrared (b]ack and
white) film (Fig. 23b). However, the high-speed film is approxi-
mately ten times as sensitive to light. Consequently, this film
must remain in total darkness, until development is complete,
except during photographic exposures.

High-speed black and white infrared film, 1ike its color
counterpart, is very sensitive to temperature, and should be
stored at -10°C with a desiccant. Similarly, the development
procedures are equally critical to both films. For uniform
results it is necessary to develop the film at 20° 1_0.3°C for
12+ 0.05 minutes. This critical development period is followed
by a sequence of procedures with less critical time and tem-
perature controls. These include a thirty-second "stop-bath",

a seven-minute fixation, a two-minute "hypo-clear", and a six-
minute water rinse. When dry, the unnumbered film is labeled
with a rapidograph pen.

Aspects concerned with the quantitative analysis of this

film are discussed in Section IV-C.

E. Microdensitometry

The Joyce, Loebl Double-Beam Recording Microdensitometer
is used to analyze the density of photographic negatives

(Fig. 24). This instrument compares the density of a circular
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Fig. 24a. Joyce Loebl Double Beam Recording

Microdensitometer.
Fig. 24b. Scanning stage of the microdensitometer showing

the photographic negative to be scanned in place.

Scanning specimen stage (s)
graph paper support (g)
arm connecting "g" and "s" (a)

case that holds the grey wedge
and carriage which attaches it
to the recording pen (c)
photographic negative (n)
Fig. 25. Densitometer tracing of a photograph (2.3 second

exposure) of Tris-treated Dichanthjum annulatum bundle sheath

chloroplasts (131 T - F - 36). Each peak is a result of two
or more scans across a single chloroplast. The maximum rela-
tive density, as indicated by the uppermost mark of the

recording pen, is written above each peak.
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p.fo

Fig. 25. Densitometer tracing of a photograph (2.3 second

exposure) of Tris-treated Dichanthium annulatum bundle sheath

chloroplasts (131 T - F - 36). Each peak is a result of two
or more scans across a single chloroplast. The maximum rela-
tive density, as indicated by the uppermost mark of the recording

pen, is written above each peak.
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area approximately 0.1 mm with that of a standard grey
wedge. A recording pen is attached to the carriage which
scans the wedge in search of the equivalent density. As the
carriage moves, the pen marks the graph paper. Since the
graph paper used has a vertical axis of 18mm, the maximum
relative density is approximately 18. The photographic nega-
tive to be scanned is placed on a stage whose movement is
coordinated with that of the sheet of graph paper held on a
separate stage. Both the scan speed and the density range of
the grey wedges are variable. The relative density units
between 9.0 and 18.5, recorded with the medium grey wedge,
correspond to an 0.D. of between 0.3 and 1.2. Since the
measured density varies with the size of the measuring beam,
only one size measuring beam is used throughout this investi-
gation. The resultant bias in measurement is therefore con-
stant and eliminated by the use of relative density units.

Perhaps the greatest error results from faulty alignment
of the instrument. Before a given photographic negative is
scarned, the densitometer optics must be aligned in a manner
similar to adjusting a microscope for Kohler illumination.
Any incorrect adjustment results in an inaccurate zeroing of
the recording pen relative to the background density of the
film.

Although constant checking can keep alignment error to

a minimum, irregular film emulsions increase the difficulty
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of setting the background density of the fiim at zero. It
therefore becomes necessary to scan the background of the film
for a minimum density, instead of arbitrarily choosing a blank
area as the standard background.

In this investigation, the densitometer is used to record
the maximum relative density of chloroplasts in fluorescence
photomicrographs of cross sections of leaves. .Since the
chloroplast is an irregular emitting body, it is necessary to
scan its entire surface in order to find the maximum relative
density. This involves from three to eight horizontal scans
of the densitometer per chloroplast. Figure 25 illustrates
the densitometer tracing corresponding to one leaf cross
section. The fifty-three peaks correspond to the fifty-three
chloroplasts in clear focus in that section. Each peak is
superimposed on the one to seven smaller peaks resulting from
scans through less dense areas of that chloroplast.

In those cases where a single leaf section is photographed
several times under varying conditions, it is most efficient
tc make a positive print of the first photographic negative.
Then the chloroplasts, and the order in which they are
scanned, can be written on the print. This "chloroplast map"
is then used to systematically guide the scan pattern across

subsequent photographs of the same leaf section.
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F. Statistical Analysis

The mean diffuse density, D, standard deviation, o, and
standard error of the mean, E, are obtained using a standard
program for the "Olivetti Programma 101." The standard error
is then used to compute the 0.05 confidence limit of that statis-
tic. Since the sample size is small (less than 100), it is
necessary to assume a "t" distribution instead of a normal
distribution. For a given statistical mean, the 0.05 confidence
limits are defined by the points D + L, where

L= [E] [ty o5]
(n=1)
E is the standard error of the mean, and "t" is the critical

value of "t" in Students' t-distribution, corresponding to a
probability P = 0.05, and n-1 degrees of freedom.

In this investigation, these statistics are applied to
the analysis of the average density of chloroplasts on a single
photographic negative. Consequently if Di 1l =1y &5 ssanil)
reoresents the relative density of one of the N chloroplasts
on a given photographic negative, then the probability is
0.95 that the interval D¢ + L will cover the popu1at16n mean

where DS is the sample mean.
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IITI. Qualitative Comparison of Mesophyll
and Bundle Sheath Chloroplast
Fluorescence in C4 Plants

A. Initial Observations

The large pale green bundle sheath chloroplasts of sugar
cane (Fig. 26a), so readily visible with a transmitting light
microscope, seem to disappear when viewed by fluorescence
microscopy (Fig. 26b). This visual observation does not permit
a distinction between a lack of bundle sheath fluorescence or
its shift into the infrared. Ektachrome film mimics the eye's
insensitivity to infrared radiation, and therefore accurately
records the fluorescence as it appears to the eye through the
microscope (Fig. 26b).

Infrared color film, a false color film sensitive from 500 -
900 nm, is capable of distinguishing between visible and infra-
red radiation (cf. II. D2). The infrared photograph in Figure 26c¢
records the mesophyll fluorescence in yellow-gold. This color
is characteristic of a predominance of far-red relative to infra-
red radiation. The bundle sheath is recorded in the red color
characteristic of a predominance of infrared relative to far-red
radiation. Infrared black and white film detects the relative
fluorescence intensities, but does not distinguish between wave-

lengths.

B. Experimental Observations

1. Wratten 88A Filter

The presence of a small infrared component of mesophyll

fluorescence is easily demonstrated by using a Kodak Wratten 88A
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Fig. 26a. Ektachrome photograph of a cross section of a
sugar cane leaf (18-15a) showing 1/4 of a vascular bundle
(v), 3 bundle sheath cells, (b) and several mesophyll cells
(m). X 1280.

Fig. 26b. Ektachrome fluorescence photograph of a cross
section of a different sugar cane leaf (9a-2), exposure time
15 seconds. X 650.

Fig. 26c. Infrared black and white fluorescence photograph

(8-00) of the same leaf section, exposure time 15 seconds. X 650.
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filter to prevent wavelengths below 700 nm from striking the
film. Infrared film bleaches the magenta dye of the film
leaving the cyan and yellow layers intact. Intense far-red
light bleaches both the cyan and magenta components. There-
fore, in the presence of intense far-red light, the film cannot
react uniquely to infrared light. Consequently, the presence
of intense far-red light masks the film's characteristic re-
sponse to infrared light (Fig. 27a). The use of the 88A filter
prevents this concealment (Fig. 27b). This phenomenon occurs

in every plant examined in this study.

2. Isolated Chloroplasts

The photographic red and yellow distinction is maintained in
very thin cross sections and in isolated chloroplasts (Fig. 27c).
In contrast, photographs of spinach cross sections and chloroplasts

are characteristically yellow (Fig. 27d).

3. Self-Absorption

The phenomenon of self-absorption is discussed in Section I. C2.
Self-absorption usually results in a shift of the emission spectrum
toward longer wavelengths, resulting from absorption of the shorter
wavelengths by chlorophyll. Thick sections of any green leaf will
have'Enough self-absorption to produce irregular red patterns on
the film. This, however, is easily distinguished from the regular

limitation of the red color to the bundle sheath region.
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Fig. 27a. Infrared fluorescence photomicrograph of a cross
section of a sugar cane leaf (34-00) suspended in two day old
buffer A. The slight green color associated with some of the
mesophy11 chloroplasts might be due to inadequate specimen
protection by the buffer. X 250.

Fig. 27b. Infrared fluorescence photomicrograph of a cross
section of a sugar cane leaf (26-11) photographed through a
Wratten 88A filter which effectively eliminates all visible
wavelengths of Tight. X 660.

Fig. 27c. Infrared fluorescence photomicrograph of sugar
cane chloroplasts (25-15a) isolated in buffer C, pH 7.0.

X 1280.

Fig. 27d. Infrared fluorescence photomicrograph of spinach

chloroplasts (38-19a) isolated in buffer C, pH 7.5. X 320.
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Although in the case of thin leaf cross sections the thick-
ness of the specimen obviously causes some degree of self-absorp-
tion, the following indicates that this is not significant enough
to shift the color of the film. Although a microscope slide of
isolated chloroplasts is much denser than the "ideal dilute
solution," it is less dense than the more commonly used cuvette
of chloroplast suspension. Photographs of microscope slides
with only one or two chloroplasts in the entire 25x field of
view still maintain the same red versus yellow distinction.

However, it is also necessary to consider the contribution
of self-absorption to the fluorescence measurements of a single
chloroplast. Since this thesis concerns the relative mesophyll
to bundle sheath chloroplast fluorescence, it is perhaps most
significant to consider the contributions of self-absorption
to the relative fluorescence measurements of the two plastid
types.

In Digitaria, Edwards and Black measure the chlorophyll

5

content of mesophyll and bundle sheath cells as 3.5X 10°~ ug and

5 ug chl per cell, respectively (96). Light and scanning

9.9 x 10°
electron microscope photographs of these cells show that bundle sheath
cells are approximately twice as large as mesophyll cells (95).
Although the bundle sheath chloroplasts are larger than meso-

phy11 chloroplasts, they are more tightly packed in the cell (95).
Therefore, the bundle sheath cells appear to hold 1.5-3.0 fold

the number of chloroplasts as the mesophyll cells. Consequently,
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the chlorophyll content is either approximately equal in the
two plastid types, or twice as high in the bundle sheath
plastids. Although the larger plastid size and the less dense
arrangement of thylakoids in the bundle sheath relative to

the mesophyll chloroplasts might also effect self-absorption,
it appears that there is no significant difference in the
contribution of self-absorption to the fluorescence measure-
ments of the two plastid types.

The distinction between mesophyll and bundle sheath can
also be observed with an epi-illuminator. This device
greatly reduces self-absorption by illuminating from above.
Unfortunately, the magnification and intensity are too low for
useful fluorescence photomicroscopy of the leaf sections used
in this study.

Additional evidence may be obtained by photographing single
intact bundle sheath cells. These can be found in the cell
debris obtained by grinding sugar cane in a mortar. Figure 28a
shows two isolated bundle sheath cells adjacent to two isolated
bundle sheath chloroplasts. The rectangular shape of the cell
walls and the high concentration of chloroplasts indicate that it
is a bundle sheath cell. Little color distinction can be made
between the chloroplasts in the cell and those that are released,
although the potential for self-absorption is much greater for

those still inside the cell.
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Fig. 28a. Infrared fluorescence photomicrograph of two isolated
sugar cane bundle sheath cells and two isolated bundle sheath
chloroplasts (56-15). Although the thickness of the fluorescing
specimen inside the cell is much greater than that of the fluorescing
single chloroplasts outside the cell, the resulting increase in
self-absorption has not altered the photographic appearance of

the chloroplasts. X 225.

Fig. 28b. Infrared fluorescence photomicrograph of a cross section
of a glutaraldehyde-fixed sugar cane leaf (56-5a). The red versus
yellow distinction is minimally maintained in the presence of
glutaraldehyde. X 225.

Fig. 28c. Infrared fluorescence photomicrograph of a cross

section of a sugar cane leaf (26-12a) suspended in two day old
buffer A, exposure time 18 seconds. The green color associated
with certain portions of the mesophyll region might be due to
inadequate specimen protection by the buffer. X 660.

Fig. 28d. Infrared fluorescence photomicrograph of a cross

section of a sugar cane leaf (8-16a) showing approximately 1/4

of a vascular bundle, buffer A, 30 second exposure. X 1625.
\
1
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4, Effect of Isolating Medium on Fluorescence

The f]uoreéence properties of damaged chloroplasts are
different from those of intact plastids. A mixed suspension
of mesophyll and bundle sheath chloroplasts suspended in H20
rupture osmotically and lose the photographic red versus
yellow distinction. Similarly, the color distinctions of very
thin sections suspended in HZO deteriorate within minutes,
in contrast to thin sections immersed in Jensen-Bassham buffer
which are stable for hours. Isolated sugar cane chloroplasts
in this buffer retain the red versus yellow distinction for
approximately an hour.

This disruption can be partially halted by fixation in
glutaraldehyde (Fig. 28b). Since the use of buffer eliminates
the need for this artificial procedure, virtually all experiments
are performed on fresh, unfixed leaves. When NaOH is used to
adjust the pH of the buffer, instead of KOH, the fluorescence
recorded on the film shifts. The normally yellow mesophyll
region turns greenish-yellow while the normally red bundle
sheath becomes more orange (Fig. 28c). Thicker sections appear
more immune to this effect, presumably because the cells are
still inrtact (Fig. 28d). This phenomenon might result from the
effects of ions on fluorescence as discussed in Section I. C5.

5. Variation in Bundle Sheath Fluorescence with Species

Infrared color fluorescence photomicrographs of C4 plants

fall largely into two major groups, I and II (Table 10). Group I
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Table 10. Relative Long Wavelength Fluorescence in Bundle Sheath
Chloroplasts as Assayed by Infrared Color Film*

I IT
A. Saccharum officinarum A. Spartina foliosa
Dichanthium annulatum ' Cynodon dactylon
Mollugo verticillata
B. Zea mays Spinacia oleracea (C3)
Sorghum caffrorum Euphorbia splendens
C. Digitaria sanguinalis B. Amaranthus edulis
(cotyledon)
D. Cenchrus sativa Mollugo cerviana
Echinochloa colonum Portulaca oleracea
Euphorbia maculata Atriplex lentiformis
Euphorbia serphyllifolia Amaranthus edulis

(mature leaves)

*See text for explanation of subgroupings
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consists of those C4 plants tested thch display the red versus
yellow distinction on the film. Photographs of Group II plants
are compietely yellow. Further subdivision of the two major
groups is possible, but more difficult to document as photographic
prints because of the difficulty in making color prints from
slides. Slight variations in film, film processing, and in
specimens also tend to obscure the distinction (Fig. 29c and

29d).

6. Qualitative Analysis of Chloroplast Fluorescence

While immersed in buffer, isolated chloroplasts of plants
in Group IA (Table 10) maintain their red versus yellow fluores-
cence photographic distinction for approximately one hour (Fig. 28
and 29). The fluorescence distinction between chloroplasts of
plants in Group IB (Table 10) is not maintained in‘buffer, al-
though freshly released plastids or thin sections clearly maintain
the distinction (Fig. 30). Infrared fluoresence photographs of
Group IA and IB bundle sheath chloroplasts have enough specimen
and/or film variation to vary in color between deep red to orange
red (Fig. 29c,d). Digitaria is separated into a special group,
IC, because it is more extreme in this variation (Fig. 31, 32).
The four species in Group ID are grouped because their bundle
sheath cells sometimes photograph with yellowish edges (Fig. 33,
34,35). They are included in group I because freshly released
chloraoplasts maintain the red versus yellow distinction when

photographed.
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Fig. 29a. Infrared fluorescence photomicrograph of a cross

section of a leaf of Dichanthium annulatum (68-6a). buffer C,

pH 7.2, 17 second exposure. X 250.

Fig. 29b. Same as above, infrared black and white film, show-
ing that the fluorescence yield is lower in the bundle sheath
chloroplasts relative to the mesophyll chloroplasts. X 300.

Fig. 29c. Infrared fluorescence photomicrograph of Dichanthium
annulatum chloroplasts (28-14a) isolated in buffer C, pH 7.0,
exposure time 22 seconds. X 1280.

Fig. 29d. Same as above (10-14a), isolated in buffer A, exposure
time 22 seconds. The difference in appearance is caused by the
difference in film emulsion batches, and possibly also by

slightly different development procedures. X 1600.
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Fig. 30a. Infrared fluorescence photomicrograph of a cross
section of a corn leaf (48-12), buffer C, pH 7.1. X 2004

Fig. 30b. Same as above, infrared black and white film (44-13a),
showing the lower fluorescence yield in the bundle sheath
chloroplasts. X 275.

Fig. 30c. Infrared fluorescence photomicrograph of a cross

section of a leaf of Sorghum caffrorum (42-18a), solution C,

pH 7.1. Note the difference in the two freshly released
chloroplasts adjacent to the section. X 200.
Fig. 30d. Infrared fluorescence photomicrograph of a cross

section of a corn leaf (48-10a), buffer C, pH 7.1. X 200.
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Fig. 31a. Infrared fluorescence photomicrograph of a
cross section of a field grown Teaf of Digitaria
sanguinalis (42-8a), buffer C, pH 7.1. X 320.
Fig. 31b. Black and white infrared fluorescence photomicro-
graph of an area adjacent to that shown in 31a (42-7a).
X 400.
Fig. 31c. Similar to 3la. X 320.
Fig. 31d. Infrared fluorescence photomicrograph of a
cross section of a greenhouse grown leaf of Digitaria
sanguinalis  (81-0), buffer C, pH 7.1, 23 second exposure.
The unusually vibrant color of the bundle sheath chloroplasts
might be associated with the lower light intensity of the

greenhouse. X 250.
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Fig. 32. Fluorescence photomicrographs of thick leaf sections

of field grown Digitaria sanguinalis. X 1000.

Fig. 32a. High Speed Ektachrome film (23a-2), cross section.
Fig. 32b. Infrared film (22-0), same section as 32a.

Fig. 32c. High Speed Ektachrome film (23a-4), longitudinal
section.

Fig. 32d. Infrared film (22-1), same section as 32c.

- Fig. 33a. Infrared fluorescence photomicrograph of a cross

section of a leaf of Echinochloa colonum (72-00), buffer C,

pH 7.1, exposure 25 seconds. X 250.

Fig. 33b. Infrared fluorescence photomicrograph of Echinochloa
colonum chloroplasts freshly released into buffer C, pH 7.1,
exposure 15 seconds. X 250.

Fig. 33c. Infrared fluorescence photomicrograph of a cross

section of a leaf of Cenchrus sativa (72-15a), buffer C,

pH 7.1, exposure 22 seconds. X 250.
Fig. 33d. Same as 33c, infrared black and white film (74-1),

exposure 18 seconds. X 250.
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Fig. 34a. Infrared fluorescence photomicrograph of a cross

section of a leaf of Euphorbia serphyllifolia (64-15a), buffer C,

pH 7.3. X 125.

Fig. 34b. Same as above, infrared black and white film (66-4a).
X 175. .

Fig. 34c. Infrared fluorescence photomicrograph of Euphorbia
maculata chloroplasts (78-788), freshly released into buffer C,
pH 7.1, exposure 18 seconds. X 400.

Fig. 34d. Infrared fluorescence photomicrograph of a croas

section of a leaf of Euphorbia maculata, buffer C, pH 7.1. X 150.

Fig. 35a. Infrared fluorescence photomicrograph of a cross

section of a leaf of Euphorbia serphyllifolia (51-000) buffer C,

pH 7.1. X 320.

Fig. 35b. Same as above, infrared black and white film (44-19).
X 480.

Fig. 35c. Similar to 35a (31-2a). X 175.
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group II can similarly be subdivided. Group IIA consists
of those plants with only (photographically) yellow chloroplast
fluorescence (Fig. 36). Isolated chloroplasts and thin sections
of Group IIB plants photograph in a similar manner to those in
Group IIA; however, thick sections show red areas in the bundle
sheath region possibly due to self-absorption (Fig. 37, 38, 39,
40a and b).

This phenomenon is most noticeable in Mollugo cerviana,

Amaranthus edulis cotyledons, and Portulaca oleracea. This in-
tensification is probably caused by the unusuai bunching of
chloroplasts along the innermost cell walls of these three
species.

Atriplex lentiformis may also be a special case since the

mesophy11 region is a much paler green than the bundle sheath
region (Fig. 37). If one concludes that in Atriplex the bundle
sheath region has much more chlorophyll than the mesophyll1 region,
it is logical that the bundle sheath cells might have significantly
more self-absorption than the mesophyll cells.

7. Cell Size; Plastid Arrangement, Size and Number.

Any anatomical arrangement which increases the density of
chlorophyll in the light path of the microscope will tend to
increase the selective subtraction of emission due to self-absorb-
tion of fluorescence. Table 11 lists several factors which could
increase self-absorption. It is for this reason that the distinc-

tion between Groups I and II is based predominantly on the photo-
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Fig. 36a. Infrared fluorescence photomicrograph of a cross

section of a leaf of field grown Spartina foliosa (81-11),

~ buffer C, pH 7.1, 22 second exposure. X 280.

Fig. 36b. Infrared fluorescence photomicrograph of a cross
section of a spinach leaf (50-16a) buffer C, pH 7.1. X 220.
Fig. 36c. Infrared fluorescence photomicrograph of a cross

section of a leaf of Cynodon dactylon (68-14), buffer C,

pH 7.2, second exposure. X 250.
Fig. 37a. Infrared fluorescence photomicrograph of a glutaral-

dehyde-fixed leaf of Atriplex lentiformis (68-000), buffer C,

pH 7.2. X 275.
Fig. 37b. Same as 37a, black and white infrared film
(66-9). X 300.

Fig. 37c. Similar to 37b but thicker (50-10). X 200.
Fig. 37d. Same as 38c. X 350.
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Fig. 38a. Infrared fluorescence photomicrograph of a thin

cross section of a leaf of Atriplex lentiformis (50-8)

buffer C, pH 7.1. X 200.
Fig. 38b. Infrared fluorescence photomicrograph of a thin

cross section of a mature leaf of Amaranthus edulis (46-15),

buffer C, pH 7.1. X 150.

Fig. 38c. Similar to 37b, but a thicker section (42-4a). Note
the preferential fluorescence shift in the region of the bundle
sheath, X 500.

Fig. 38d. Infrared fluorescence photomicrograph of a cross

section of a leaf of Froelichia gracilis (31-1), buffer C,

pH 7.0 adjusted with NaOH. Note the preferential fluorescence
shift in the region of the bundle sheath. The green color
associated with some of the mesophyll chloroplasts may be due

to the use of NaOH. X 400.
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Fié. 39a. Infrared fluorescence photomicrograph of a cross

section of a glutaraldehyde-fixed cotyledon of Amaranthus
ggglig_(68-13a), buffer C, pH 7.2, 30 second exposure. X 250.

Fig. 39b. Infrared fluorescence photomicrograph of a cross section

of a cotyledon of Amaranthus edulis (30-17a), buffer C, pH 7.0

adjusted with NaOH, exposure 25 seconds. The greenish color associ-
ated with part of the mesophyll may be caused by the NaOH. There

is an unusually rich red color associated with the bundle sheath
region for this species. X 300.

Fig. 39c. Black and white infrared fluorescence photomicrograph

of a cross section of a leaf of Mollugo cerviana (70-1a), buffer C,

pH 7.15, exposure 22 seconds. X 250.

Fig. 39d. Same as 39c, infrared color film. X 350.

Fig. 40a. Infrared fluorescence photomicrograph of Mollugo
cerviana chloroplasts isolated in buffer C.

40b. Infrared fluorescence photomicrograph of a cross

section of a leaf of Portulaca oleracea (81-16), buffer C,

pH 7.1, 18 second exposure. X 275.

Fig. 40c. Ektachrome photograph of a cross section of a sugar
cane leaf (18-12a) showing both bundle sheath and mesophyll
chloroplasts. X 1280.

Fig. 40d. Similar to 40c (18-19a).
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Celt and_ch!ofoplasT relafionships_in Cs and‘Cu-leaves'(M, mesophy||;‘BS, bﬁndle sheafh).
o - Cell Cell “Plastids. " ‘Chlorophy! 1%
- Species o size ratio per ' - _per _ ratio  ug mg 1-ra+19
- _ ~ (u) M/BS cell . om? leaf mBs - a/b
Niéotiana tqbacum_ 62x20 . - g7 .3 - 467 s L2067 0 3,06 ;
 Euphorbia moculata : S
‘ M Z29x10 V.7 12.9 4.42 .19 3.03 ° 2.45
L B 2026 6.7 o ST
.Amapaﬁthus eduiis'_' S - . ; .
. M '~ 38x .8 1.3 - 1e.s N 3.08 - 2.290 1.56  3.90
BS - 40x24 : 38.7 C o : ‘ -
Saecharvm of ficinarum . G : o o 5 o
CoM - 58x16 5.1 © 30,7 . 1.63 3.70 - 2.73 . 3.56
CUBS. - 1I3xle | 41.9 T o :
‘Table 11. Cell and Chloroplast Relationships. after Laetsch (172).
N



126

. graphic'appearance of iso]ated chloroplasts. The separation of
Group IIA from IIB m1ght be due to these art1factua1 factors

- At present, 1t is d1ff1cu1t to est1mate the contr1but1on of

- p]ast1d s1ze to se]f-absorpt1on and to the poss1b1e concom1tant1y

altered fluorescence em1ss1on pattern.

¢

8;»'RelatiVe'Fluorescence-Yield'. S

’sfnce black and nhite infrared film is'equa11y sensitive to -

- far-red and infrared rad1at1on, the dens1ty of each photograph1c

negat1ve will be pos1t1ve1y corre]ated w1th the f1uorescence

str1k1ng the f11m It is necessary to insert a Corn1ng 2-63 -

f11ter above the spec1men to prevent the natura] 11gn1n f]uores—j :

cence from expos1ng the f11m

F1gures 29 30 31 33 34 35 37 39 111ustrate the h1gh
..corre1at1on between a red co]or on the 1nfrared co]or f1]m and:
a s1gn1f1cant1y 1ower f]uorescence 1ntens1ty as shown on the
1nfrared b]ack and wh1te f11m Th]S phenomenon 1s treated 1n '

' ,depth"1n section Iv.

9. Photochemistry and Ch]orop]ast Ultrastructure

In Table 10, f]uorescence is used to ciass1fy 18 C4

'and 2 C3 p]ants into two groups (6 subgroups) The s1gn1ficance '

. of these groupings wou]d be re1nforced if they were corre]ated
v w1th another phys1o]og1ca1'parameter Because of the d1ff1cu1ty
in separat1ng bundle sheath and mesophyl] ch1orop1asts, the-

procedures usua]]y used to 1oca11ze photosystems I and II have
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not been app11ed to many C4 pTants Cytochem1ca1 Toca11zat1on

1s st111-controvers1a1 These data are urgent]y needed for a

g 'thorough understand1ng of photosynthes1s in C4 plants.

| Fortunate]y. an extens1ve survey of C4 chToropTast uTtra-

structure is be1ng performed by Dr w M Laetsch at the Un1vers1ty

of CaT1forn1a, Berke]ey When these eTectron m1crographs are

B grouped accord1ng to TabTe TO a def1n1te pattern emerges |

(cfQ Append1x A). The bundle sheath ch]orop]ast proflles of

Group IA pTants usuaTTy ‘totally Tack TameTTar appress1on wh11e

-;those of‘the pTants in Group IB-have on]y»small numbers ‘of tiny .

grana at -the per1phery of their pTast1ds 'Often'nofdistinCtion
can be made between the two groups | |

1g1tar1a (Group IC) is unique in that 1ts bund]e sheath

t'chToropTast profiles Tack a cons1stent ultrastructural pattern

A sing]e pTant may contain chToropTast prof11es wh1ch range from

.agranal to s1gn1f1cant1y granaT (Fig. A 7-10). The var1at1on 1n
'vv 1gitar1a fluorescence was documented before the var1at1on in ©
'v_uTtrastructure The strong]y 1nfrared f]uoresc1ng bund]e sheath

| ch]orop]asts came from mature leaves of young pTants grown under
o greenhouse cond1t1ons (Flg 31d) The other extreme was observed
'.1n growth chamber pTants wh1ch were in the process of f]ower1ng
' (F1g 31a, b c) Mature Tleaves of young f1e1d grown mater1a1

falso appeared enr1ched in the Tong waveTength component of

i
f]uorescence (Flg 32) :
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v',These observationshdnangftaria were never extensively
corre]ated with 01thastnnctufef 1t is significant that-the
'agranai_bundle sheath_chlo}oh1ast profi]és fn-Figure A 7 were.
pbtained{within'a day fram the same p1ant:used'te’phetograph
FiguhéLBId' The 1ntens1ty of ‘the red color assoc1ated with
w1th the bundle sheath ch]orop]asts is str1k1ng, and only beg1ns
to capture the 1ntens1ty of the original s]1de | '

"The u1trast¥ucturevof Grotp ID chloroplast prdfiTesjdiffen

frdmithdse'in Groups IA, B and C. Cenchrus and rice grass -

(EChinoehIoa colonnm).haVe 1arger"numbérs of small grana, a1thOUghhf
they ma1nta1n a predom1nance of unappressed lamellae The two tested
: .C4 spec1es of Euphorb1a also have a predom1nance of unappressed j
"rlamellae, but in this case the-]ame])ae are.so_numerous that there -
,are severa] reg1ons of" appress1on | |
In contrast to Group I bundle sheath ch]orop]asts those in

| Group II d1sp1ay extens1ve lamellar appress1on " The absence of

' "unappressed 1ame]1ae appears more 1mportant than-the numbers of

:'thy1akoids in each staCk Froe11ch1a grac111s accentuates this

; po1nt because 1ts stack1ng is a]most exc]us1ve1y restr1cted to .
’double.1ayers, Ch]orop]asts_of Group IIA plants do appear to have
aahigher percentage of lamellar appression than those in Group-IIB;‘

howeven'the difference is not very striking.
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. “C. Summary and Tentative Conclusions -

The prec1se spectra] response of 1nfrared co]or f11m permlts

'a qua]1tat1ve eva]uat1on of the f]uorescence propert1es of C4

- ch]oropnasts. The photographs dovnot appear to be significantly

altered by undereXposure'or'.overexposure; h0wever,'the buffers

-11sted in Table 6 are necessary for spec1men stab111ty

Exper1ments w1th a Kodak Wratten 88A filter reveal that in

f]uorescence photography, the long wave]ength tail of Chloroplast‘

: fluOrescencé can be masked by the predominant shorter anelengthz
'component. Double exposures of the film are: used to est1mate
~ that a shorter wavelength ch]orop]ast f1uorescence component of

30% or more can mask the Film's character1st1c-response to infra- t'

red rad1at1on, thereby concealing its presence

S1m11ar1y, an 1nfrared f]uorescence component of 80% or more

"can mask the film's response to up to ZOA far-red 11ght. An

~orange’ color could indicate up to 30% far-red radiation.

The red or yellow color of bundle sheath chloroplast photo-

“graphs can be used to classify C4 plants into two basﬁc groups.

i
A coordinated examination of Laetsch's C4 chloroplast eﬂectron

m1crographs and ch]orop]ast fluorescence photom1crographs revea]s

f a strong pos1t1ve corre]at1on between lamellar appress1on and

3 the ratio of far red ‘to infrared fluorescence.

Slnce 1t is theorized that far red ch]orop]ast fluorescence

mlght be associated with PS II, while 1nfrared»chlorop1ast f]uores--

- cence might be associated with PS I (cf. Section I. C3), the above ,
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correlation might indicate an increased ratio of PS I to PS II
ih agranaTC4 ch]oroplasts. Quantitative work with infrared
black and white fflm will be necessary to cohfirm this tentative

hypothesis. Meanwhile, infrared co]or.film appears to be a

rapid and simple technique for surveying chloroplast fluorescence.

: : ‘ . |
The. accuracy of this technique is tested in Section IV and dis-

cussed ‘in Section V.

et
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IV, Quantitative Comparison of Mesophyll ... - .
-~ and Bundle Sheath Chloroplast: S
Fluorescence of D1chanth1um annu]atum

~:A.s§Su1tab1114y for Quant1tat1ve AppJ1cat1ons

The re]at1onsh1p between f11m darken1ng and exposured1s )
"r;expressed by -a “Character1st1c Curve. The “Character1st1cv"
:Curvef.of a'given.ft1m is defined as a graph of ‘the diffuse
densfty of the photographic negative against the Togarithm of
vtheCEXposure,E'Exposure is a function of bothdtime'and intensity; B
Often the intensit&:is’held.COnstant and the 1ogarithm of ‘the |
-fekposUre‘time is used. "This}curVe is'a'function of thelba}tf;f_’:'
‘cu]ar f1]m type as we11 as the app11ed deve]opment process
Flgure 41 shows the degree to wh1ch ‘the s]ope of the "Character-
istic Curve . des1gnated gamma. varies w1th the t1me of deve]op-
ment ‘for h1gh-speed 1nfrared f1lm; Ana]ogous changes are __'“'
_pos$ib]e with'a1tered temperature of deve]opment. Theoret1ca11y,_;
_ ther”Characteristic Curve" is staple for afgiuen.f11m type (e.g,,.
Kodak Hfgh—Speed Infrared Film 2481)_and-an optjmum deve]opment
procedure (12 minutes, 68°F). :In_practice;fhowever,'equa]Ty'
impOrtant’variationsvmayibe_caused by different emulsion batches
of film .or by non-uniform attempts atkperforming.the/optimaT proe_.'
'cedure Therefore, the "Character1st1c Curve 1s'actua1]y‘on1y' |
‘stab]e for ro]]s of f11m derived from the same emu]suon batch,
' and processed together For this reason, all exper1ments in
-thls 1nvestlgat1on are performed on a s1ng]e emu]s1on batch

!

'of Kodak H1gh Speed Infrared F1]m 2481

. t
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Characteristic Curve

' KODAK High Speed !nfréred Fifm 24£1 {ESTAR Bose)

1
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I 12 3; Development:
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) ot 68 F
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Fig. 41. after (163).

1
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The use of a dua] capac1ty deve]opment tank perm1ts the‘*

deve]opment of two ro]1s of f11m (86 frames)*s1mu1taneous]y

‘The f11m from one exper1ment cons1sts of the one or two ro]]s

of f11m exposed w1th1n a 16 hour per1od and deve]oped 1mmed1ate1y

thereafter 1n a s1ng]e deve]opment tank Therefore,|un1form1y -
.shaped "Character1st1c Curves character1ze the film used in a

' .single exper1ment ‘and will always be s1m11ar, but never 1dent1- '

cal,-to those of ‘another exper1ment

B Qa‘Ther"Characteristic Curve" for'the high-speed”b]ack and

~ white ‘infrared film used in a single sub-experiment calibrates

,that_fﬁTm for quantitative analysis. The curve is obtained'byh:'

plot#ing the density versus the logarithm of the exposure for a

ser1es of photographs of a single, un1form1y em1tt1ng ObJECt

‘In th1s case exposure is d1rect1y proport1ona1 to. exposure t1me_

because the fntensity fs constant. For example, in the optical
system'uSed here, the eight sequential éXposdrthimes between

1/16 second and e1ght seconds, used to photograph a small

ff]uoresc1ng cell-wall fragment or bundle- sheath chlorop]ast,

sconst1tute a su1tab1e photograph1c series for ca11brat1on

| Un1form1y shaped (para]]e]) "Character1st1c Curves" obtajned h-

’“,by.repeat1ng this procedure on a s1ng]e r011 of film 1nd1cate

that the photograph1c dens1ty 1s d1rect1y proport1ona1 to the |

'flogarlthm of- the exposure whenever the d1ffuse dens1ty of the
- f11m fa]ls between 9. 0 and 18 5 re]at1ve dens1tv un1ts, as re-

-‘corded by the m1croden51tometer (F1g 49) The s shaped curve
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,indiCates that'at'relative‘dens{ties below 9.0:there is a lag
phase, whfie at‘reTative'densitiesiabovefls{S theredfs'a'satura-
| t1on phase dConsequent1y; the7"Characteristic'Curve" is linear
over on]y approx1mate1y ‘one-third of 1ts re]atlve dens1ty range.
On]y photograph1c negat1ves dep1ct1ng obJects w1th relat1ve den-
: s1t1es 1n the range ‘of 9. 0 18.5 are su1tab1e for quant1tat1ve
ana]ys1s o | B 7 | | -
: Both the exposure t1me and the 1ntens1ty of the 1nc1dent
.11ght determ1ne the exposure of the f11m, when photograph1ng
_fluoresc1ng obJects of vary1ng 1ntens1t1es Equa] exposuresv':
are ach1eved when the product of Jntensaty and.exposure.time is"
'kepticOnstant; Therefore:”wheh dealfng wfth’photographic‘
negat1ves whose dens1t1es fall w1th1n the Tinear reg1on of the‘
. "Character1st1c Curve," the f11m is adaptab]e as a sens1t1ve

-_mechan1sm for record1ng the magn1tude of f]uorescence

If photographs of two fluorescent obJects A and B have the'

'_ same. diffuse den51ty, and the exposure: t1mes ‘are des1gnated TA and'

TB’ respect1ve1y.‘then the f]uorescence of obJect A re]at1ve

Vto obJect B is TB/TA If photographs -of two f]uoresc1ng obJects,, N

C and D have s]1ght1y d1fferent d1ffuse dens1t1es, then the "

' _4exposure times correspond1ng to a mutua]]y se]ected adJusted |

dens1ty can be read from the “Character1st1c Curves, and used
to calcu]ate the relat1ve f]uorescence of C»w1th respect to D.
The re]at1ve dens1t1es of severa] ser1es of h1gh speed 1nfra-'

red photographs are graphed as a set of re]ated “Character1st1c ,
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Curves." 'Theseirelated:curves indicate'the expOSUre:times

necessary to g1ve the same adjusted d1ffuse dens1ty for ‘each

obJect photographed These relative’ exposure times are 1nd1ca—

.t1ve of the magn1tude of the f1uorescence str1k1ng the f11m

berause the product of exposure t1me and 1ntens1ty is constant
t

,for a g1ven density.: R A - L

H1gh speed black and white infrared f11m 2481 is more su1ted

' to th1s type of quant1tat1ve ana]ys1s than 1nfrared b]ack and

uhjterf]lm-IR-135. The former s h1gher ASA rat1ng perm1ts

significantly shorter exposure times. This is an Jmportant"v

: asSet,during»experiments which require mU]tip]e.expOSures.Of '

fluorescing objects SUsceptible'to'phOtob]eachfng.:',A

,Br Rationale for. Record1ng F]uorescence Em1ss1on ,
§pectra‘photograph1ca71y .

- A spectrof]uorometer with suff1c1ent spat1a1 reso]ut1on R

| and sens1t1v1ty to record the emission spectrum of a s1ng]e

chlorop]as in situ would be ideal for these exper1ments

 The electronic’ components are read11y avallable for-the con-

struction of spectrofluorometers with the requ1s1te sens1t1v1ty,

a]though the sens1t1v1t1es of commerc1a11y ava11ab1e spectro—

f]uorometers are too low for th1s task. Unfortunate]y, the

spat1a] resolution of spectrof1uorometers which do not 1ncor-

porate m1croscopes As 1nadequate for in s1tu stud1es of a
' B L

P
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. A single ¢h1or9p135t, subjected to'the'reqUired'fhtense | S
| actiniC'frradfation,'is.susceptible to f]udrescedceffadfhg;:r
espécia}Ty'When‘the'chloroplast iS'isolated' Under‘the'micro;v
scope, it 1s apparent that the fluorescence of . 1so]ated ch]oro-

.plasts becomes tota]]y lost within a matter of m1nutes while

v ch]oroplasts w1th1n whol]y or part1a11y 1ntact ce]]s ma1nta1n
: evls1b]e f]uorescence 1ntegr1ty for approx1mate1y one hour The"lc S
spec1men 1ntegr1ty would therefore be a 11m1t1ng factor ina - | h '.v‘ ;
sfng1e;éhidroplast experiment' It would also;he-hecessary'tob; S | |
- repeat the exper1ment numerous t1mes to overcome samp11ng error{

'However, if the. apparatus were - assemb]ed and work1ng, the re-;‘ L :'Tdi

qu1red number of exper1ments cou]d probab]y be comp1eted 1n a . | | o

single day “Throughout this entire 1nvest1gat1on ‘the comb1na-h’

';‘t1on of a mlcroscope (M), opt1ca1 f11ters (OF),,and film (F) |

substitutes for the ideal, but ohavaflable microspeCtrofluoro-'

“meter. Film is one of the most sensitive 1fght detectorS‘arail-

s ab1é' The spatial reso]utlon afforded by the m1croscope prov1des'
an’ a1ternat1ve to the nemesis of most. C4 11ght react1on work,~ ‘ff; ..A‘f, i E
.i es, the separat1on of mesophy]] from bundle-sheath ch]orop]asts .'- ; o

'ftAS of th1s t1me, no. research ‘group has succeeded 1n separat1ng a f n |

-vpreparat1on of 1ntact, 1so]ated bund]e sheath ch]orop]asts

vdcontam1nated with less than 10% mesophyl] ch]orop]asts (cf Tab]e 2)
H The resu]ts of this thesis revea] the magn1tude of the effects of o

ch]orop1ast damage and«mesophyll contamination.



137

The equ1pment used 1n the MOFF procedure is more ava11able ";
and more versat11e than that needed for custom-made spectrof]uoro- a
“metry. however, the t1me and Tabor assoc1ated w1th the data ana]y—
sis: probabTy renders th1s procedure equaTTy h1gh 1n cost 'InU ‘
'-cadd1t1on, the spectraT resoTut1on resu1t1ng from the Targe half-
band width (5 or TO nm) restr1ct1on of MOFF is. poor 1n|compar1son
_ with" the h1gh speed spectra] resoTut1on (Tnm or Tess) ava11ab1e
vjn_most spectrofluorometers. Therefore, the Tack of su1tab1e o
‘laTternatiyes'is the main“reason for using the MOFF techn1quef7.-
- exclusively. | | - |

c. Analys1s of the Photograph1c Negat1ve '

The h1gh spat1aT reso]ut1on 1nherent in the MOFF techn1que

‘1mposes a stat1st1ca1 comp11cat1on on the data ana]ys1s The

o raw data of each exper1ment are recorded on photographs of the

crossesect1ons of ]eaves A single photograph1c negat1ve re-

: cords:the,data from 20-90 d1fferent-ch10rop1asts S1nce the
l.jdensjty of'each ChToropTast‘must be anaTyZed,indiyjdua]Ty on

' the densitometer, the data reouires_extensiye (statisticaT) .
T . ana]ys1s o | | |
"‘_ Of the hundreds of chToropTasts present 1n each Teaf sect1on;;v
T_on]y those in focus and free of under1y1ng mater1aT are su1tab]e_,;
'for measurement F1gure 42 111ustrates the dens1tometer trac-
;.1ng of. an 1nfrared photograph of a s1ng]e cross sect1on con-

- ta1n1ng 49 usabTe chToropTasts (. = 49);_ Each-peak”on the
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Densitometer tracing of the 49 usable mesophyll

42

Fig.

chloroplasts of a single photographic negative from experiment

1 second exposure)

.

F (frame 35, .1
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dens|tometer trac1ng records the re]at1ve dens1ty of a s1ng]e
’chloroplast Subsequent]y, the reTat1ve dens1ty of each chToro-
plast. of the leaf sect1on-1s used to compute the stat1st1ca1
' kéléii?é'meaﬁ densify'of'the chlarbp1as£s (ﬁ)’ | |

| The relat1ve mean ch]oroplast dens1ty, D when graphed aga1nst
the Togar1thm of the exposure time, determ1nes one po1nt of a

“Character1st1c Curve Consequent]y, the data resu1t1ng from

. a single photograph are summar1zed by a 51n91e po1nt on a

"Character1st1c Curve Therefore, throughout ‘this 1nvest1gat1on,’
relatlve mean dens1ty, (D),'1s used in the ‘same sense as d1ffuse
v‘dens1ty. ' | -

" The raw data from a single experiment consists ofaas many .
as}86,photographs; The measured relative mean densities, (D), of
these;photographs can be used to determine the Tihear portiOh.of
3 up to 40&uniformTy’shapedt(paraTTeT) "Character1st1c Curves. |
S1nce the two rolls of f11m, derived from the same emu]s1on batch,l
viare processed s1muTtaneously,_the gammas (s1opes) ofvthese reé '
“"Tated "Characteristic Curves"uare assumed to be’equa] ‘

If the fTuorescence 1ntens1t1es of the obJects photographed
are-1dent1ca1, thenvthe‘fCharacter1st1c Curves are 1dent1ca1
'H0wever.‘whenever;the‘Tuminous 1ntensitjeshof the objects being :
photographed vary; the I".CharacteristiucCurves" are'disp]aced"
‘lateraTTy from each other along the absc1ssa or "Log Exposure
ax1s The amount of lateral d1sp]acement for a g1ven dens1ty is |

' equa] to the ]ogar1thm of the f]uorescence 1ntens1ty d1fference

¢
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hivSince the .gammas (slopes) of the linear pdrtions_ot»each
"Characteristie CurVe" are‘para11e1h the-]ineshean'be detérmined
in ohe'of two ways Two or more po1nts determ1ne the 11ne or a
s1ngle po1nt plus. the slope determ1ne the 11ne .In5thlsvcase,
the s]gpe is derived frquqther related "Characteristie pdrves“ 
of_the_same.experjment.j' E -

'tThe "Charaeteristic Curvesf‘of a single,experjmeht can be

grouped 1nto sub exper1ments The sub-experiment data consist .

h of e1ther two or ten character1st1c curves, depend1ng upon the -

number of t1mes compared

D. The Tota] Fluorescence Intens1ty of Mesophy]]
~ “"Relative to Bundle Sheath Ch1orop1asts

I,E.The}Interpretat1on of a Series of "Characteristic Curves":

_Tables 12 and 13 preseht thé'actua1'data”ahd reTated:statfsf
' t1cs derived from the ser1es of gamma curves drawn in Figure 43.
"Exper1ment 119-120 contains four sub- exper1ments, Tabeled A, B,
Cy and D. Sub-exper1ment 1194 1nvo]yes five photograph1c nega-
tives of a single leaf cross-section taken at‘exposure times_bf
10.28, 0.55, 1.10, 2.00 and 2.60 seconds. Of these five, only

-three negatives contained'chlbroplasts'df dehsities between .

;;':9 0. and 18 5 relat1ve dens1ty un1ts (F1g 44) Since the meso-

phy11 ch]orop]asts are ana]yzed separate]y from the bund]e sheath
- chloroplasts, sub-exper1ment 119A conta1ns four usefq] pieces of

data:



 Table 12. Data for Experiment 119-120.

. Experiment 119-120

" Sub-experiment-1198

. B5/P-120D

1.95

+0.203

specimen. T . LogT, B o Mt E L8, To -
 Mp-119A 0.5 <0.2696 1177 1.60 38  2.027 0.258 0.52 ' .
WR-VI9A. 100 0.0414 16,57 172 3 2.0% 0.23¢  0.60 13.75 -0.134 0.740
BS/P-119A 1.10° 0.0614 11.18 1.34 28 - 2.052°0.253  0.52 13.75 -0.190 1.589. 209
BS/P-119A  2.00° 0.30015.70 1.40 32 2.040 0.247°' 0.50 ‘
' v _ . Sub-experiment 1198 _
WP 0.5 -0.259 10.85 1.46 28 - 2.052 0.276 0.57 _
PTI98 1.0 0.041415.54 1.74 29 2.008 0.323 0.6 15.00 0.006 1.015
BS/P-1198 1.60 0.2041 14.48 1.74 35 2.034 0.293 060 15.00 0.2¢4 1.754 73
8_3/15-1‘193 2.60 . 0.4150 17.57 1 .75_ 28 2.052 0.3  0.68 a
) R _ ' Sub-experiment 120C
M/P-120C  0.55 ° -0.2596 10.00 1.38 27 2.056 0.266 . 0.55 , o
WP-l20C 1.0 0.0414 1521 171 34 2.0% 0.293 0.60 14.25 -0.008 0.980 °
BS/P-120C  1.85° 0.2672 13.57 1.17 14 2.160 0.313  0.68 14.25 +0.346 2.218 2
BS/P-120C  2.70  0.431414.98 0.7 13 2.179 0.214 0.47 ‘ '
_ oo - ‘ Sub-éxgerimeﬁt 1200 )
C W/P-1200 0.5 -0.2596 11.89 1.4 88  1.990 0.1S0 . 0.30 13.25 -0.174 0670
200 1. 0.2900 14.63 1.68 29 2045 0.310  0.63 13.25 159 o
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. BS/H-122

10.458 2.871 13,91

. Table 13. Data for Experiment 119-120.
«
Spectmen L Bl @ T BT Too Dy Ouiy
Experiment 119-120
) . . Sub-experiment 119A )
CMW/P-119A 0.56 14.31 . -0.100 0.794 13.19  -0.176.0.667 o -
R , S 1671 ., o 1839 ' oo
o S N © o pBe7 c 25 peg =18
BS/P-119A  0.51 - 14.2% '0.2231.671 13.24  0.158 1.439 v '
Sub-experiment 1198
_W/P-1198  0.61 ~ 15.61  0.045 1.109 14.39  -0.033 0.927 S
R Co - 1,919 _ , 07 1599, 144
BS/P-119B 0.64  15.64 0.283 1.919 14.3 0.204 1.599 -
_ v Sub-experiment 129¢ .
" MW/P-120C 057 14.82  0.027.1.064.13.68°  -0.0430.906 ) :
v S ‘ ST T 2810 L, 0 2086 L o0
3 ' s - o .- ©7.906 - 2% T.og¢ * 192
BS/P 0,57 .14.82 0.382 2.410 13.68 - 0.317 2.046 o
o _ Sub-experiment 1200
W/P-120D  -0.30 ~ 13.55°  -0.156 0.698 12.95  -0.193 0.641 - .
R ’ L : P8 -2 plRR .28
BS/P-120D * 0.63  13.88 0.243 1.75 12.62  +0.163 1.455 : s
Experiment 121-122
o Sub-experiment P-122.
© W/P-122 0.58  14.83 0.097 1.25 -13.67 _ 0.002.1.000 -
ST _ . - ST 3251 e 2:239 150
BS/P-122  0.98 15.23  0.512 3.251 13.27 - 0.350 2.239 :
‘ Sub-experiment T-121
T 0.52 15.27  0.045 1.109 14.23  -0.040 0.912 . S
_ - : : 2488 , 55 1950 yye
: - 0.9z - ¢ 10t -0
" BS?T-121 0.6  15.39 0.396 2.488 14.11  0.290 1.950 . . - S
_ v ' Sub-experiment H-122
C M/M-122  0.49- 14.74  -0.067 0.857 13.76  -0.146 0.714 . T
o ' B LBl - w02 335259
0.3 14.59 0.403 2.529

e
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"Figz‘43 Character1st1c curves for exper1ments 119 120 and
121-122; A/]19A B/]]QB C/120C D/120D P/122H T/12]T P/122P

»'Cross ]1nes 1nd1cate the adJusted re]at1ve mean- dens1t1es
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| "Fig. 44: Inffared"bjack and'wh{te photographs of two of the . =
leaf sections used ih,experiﬁent 119-120. _.‘ o
Fig,.44a;u_Subfexperimént T]QA,'frame'119A-4,'250 second
expOSUre;- - | o o | | 'i |

Fig.-445; iSub—expeﬁ'men_t 120b, frame 120C-4, ];85'second
.eXposdre,} “  , | ”'. | .

fFig, 44c.1 Sub-eXbérimeﬁt 119A;'frame.119A-3,'1;] éecond”eX-7
posure. . \ - o ‘“ | |

'»  Fig. 44d;-‘SubFexperimeﬁt 120C, frame 120C-3, 1.1 second ex-

" posure. - e
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(1) The relative mean density, D, of mesophyll chloro-
plasts photographed for 0.55 seconds equals 11.77.

(2) The relative mean density, D, of mesophyll chloro-
plasts photographed for 1.10 seconds ehua]s 16.57,

(3) The relative mean density, D, of bundle sheath chloro-
plasts photographed for 1.10 seconds equals 11.18.

(4) The relative mean density, D, of bundle sheath chloro-
plasts photographed for 2.00 seconds equals 15.70.

An examination of these four relative mean densities, or of
the three useful photographic negatives from which they were
derived (Fig. 44), shows the greater fluorescence intensity of
the mesophyll relative to the bundle sheath. This difference
in flucrescence intensity is analyzed quantitatively as follows.
Sub-experiment 119A provides the data for determining the Tinear
portion of two related "Characteristic Curves" -- one for the
mesophy11, and one for the bundle sheath (Fig. 43). The
difference in fluorescence intensity is analyzed by selecting
a density close to the average of the four mean densities of
sub-experiment 119A. This adjusted mean relative density, (5A),
is chosen as 13.75 for sub-experiment 119A. The relative
fluorescence intensity of mesophyll to bundle sheath chloroplasts
is calculated by determining the exposure times which would
result in a relative mean density of 13.75 for both the mesophyll
and bundle sheath chloroplasts of sub-experiment 119A. The

"Characteristic Curves" for the mesophyll and bundle sheath
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chloroplasts yield the logarithms of the exposure times (desig-
nated Q in Table 12) corresponding to the chosen adjusted rela-
tive mean relative density, (UA), of 13.75. The antilogarithms
of Q (designated TQ in Table 12) give the exposure times which
correspond to the value of the adjusted relative mean density
for the sub-experiment. F, the ratio of mesophyll to bundle
sheath chloroplast fluorescence intensity, is obtained by divid-
ing TQ mesophy11 by TQ bundle sheath (cf. Section V-B).

Tables 12 and 13 also include the information needed to
estimate the standard experimental error'in computing the ratio
F. The standard error of the mean, (E), is used to compute the
0.05 confidence 1imit for the adjusted relative mean density (5A).
Statistically, for an estimated adjusted relative mean density,
(DA), of 13.75 (mesophyll chloroplasts - sub-experiment 119A),
and an N of 36, the probability is 95% that the adjusted rela-
tive mean density (5A) can vary by an average error factor of
+0.56, (L). Therefore the probability is 95% that ﬁA falls 1in
the range 13.19-14,31 (DA + L). Correspondingly, the probability
is 95% that the antilogarithms of the exposure times of the
chloroplasts will fall in the range from -0.176 to -0.100. These
values define upper and Tower bounds of 0.677 and 0.794 seconds,
respectively, for the range of exposure times. The maximum
relative mesophyll to bundle sheath fluorescence is computed
by dividing the larger possible bundle sheath exposure time by

the smaller possible mesophyll exposure time (Table 13).
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The minimum mesophyll to bundle sheath fluorescence ratio

is obtained by dividing the smaller possible bundle sheath
exposure time by the larger possible mesophyll exposure time.
Consequently, the probability is 95% (0.05 confidence 1imit) that
the actual mean relative mesophyll to bundle sheath chloroplast
f]uofescence intensity ratio falls between 1.81 and 2.51, while
the sample mean ratio is 2.09.

Numerous sources of error can contribute to this statistical
variation. Individual chloroplasts can vary in their fluorescence
intensity. Alternatively, their apparent intensity can vary
because they are slightly out of focus on the film. Similarly,
an entire leaf cross section could become slightly out of focus
during the course of an experiment as a result of a gradual
drying of the specimen. Since exposures greater than one second
are timed by hand with the aid of a stopwatch, there is an
additional degree of uncertainty in the measurement of long
exposure times.

Finally, the measurement of density could vary either from
an uneven film emulsion, or from improper alignment of the densi-
tometer. Consequently, when interpreting these experimental
results, the summation of these errors is expressed in the

confidence limits.

2. Experimental Results.

The raw data used to analyze the relative fluorescence

intens*ties of the experimental photographs are located in
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Appendices B and C. The organizational format is identical to that
used for experiment 119-120. The "Characteristic Curves" of
Figures 45 and 46 summarize the remaining raw data used to compute
the ratio of mesophyll to bundle sheath fluorescence intensity
(cf. Section IV.D). The degree to which the experimental points
yield parallel "Characteristic Curves" is one indication of the
precision of a given experiment.

In experiment 130-131, the gammas of the "Characteristic
Curves" spread in three patterns between 57-73 degrees, and
probably result from improper agitation during development, or
from anunevenness of the film emulsion. It is unlikely that
random error could result in such uniformity.

Tables 14, 15, 16 and 17 summarize the experimental ratios
obtained from plain (untreated), Tris-treated, Tris-hydroxyla-
mine-treated, and DCMU-treated leaf sections of Dichanthium
annulatum, respectively. Surprisingly, with the exception of
sub-experiment H-122, the mesophyll to bundle sheath fluorescence
intensity ratios are approximately equal. There is a slight,
non-statistically significant variation, with DCMU showing the
lowest ratio, and Tris showing a higher ratio than the untreated

material.

3. Discussion
The data summarized in these Tables should give some indi-

cation of the relative contributions of Photosystems I and II
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Fig. 45. Characteristic curves for experiment 130-131 (o) untreated,
(@) Tris treated, ( A ) H. A. treated; open symbols, mesophyll; closed
symbols, bundle sheath; A/P-131D, B/T-131F, C/H-131, D/P-131E,

E/T-130, F/T-130T, G/T-131G, H/P-131C. Cross lines indicate the

adjusted relative mean densities.
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Fig. 46. Characteristic curves for experiments 132-133: ( & }BLTW9_5362

DCMU, (o) untreated, (@ ) Tris-treated, ( A ) hydroxylamine-
treated; open symbols, mesophyll; closed symbols, bundle sheath;
A/D-132A, B/D-132B, C/D-132C, D/D-132D, D"/D-132DD, E/D-132E,
H/H-133A, I/H-133C, J/H-133D, T/T132. Cross lines indicate the
adjusted relative mean densities.
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Table 14. Relative M/BS Chloroplast Fluorescence Yields of Untreated
Dichanthium annulatum leaf sections. F is the ratio of
Mesophyll to Bundle Sheath Chloroplast Fluorescence.

PLAIN
Speciven FMIN E Fuax
P-119A 1.81 2.09 2.5
P-1198 .44 .73 2.07
P-120C 1.92 2.26  2.26
P-120D 2.08 2.38  2.73
P-122 1.79 2.40  3.25
P-131C 2.04 2.21 2.3
P-131D 1.99 2.22  2.47
P-131E 1.81 2.21  2.30
Mean 1.86 2.19 2.49

‘o 0.20 0.21  0.36



Table 15.

Specimen
T-121
T-130
T-130T
T-131F
T-131G
T-132

Mean

Relative M/BS Chloroplast Fluorescence Yields of
Tris-treated Dichanthium annulatum Leaf Sections.

1.76
1.66
1.86
1.99
2.24
2.19
1.98
0.19

MIN

TRIS

|

2.20

2.56
2.45
2.5¢2
2.38

MAX
2.73
2.78
2,19
2.30
2.70
2.93
2.71
0.09
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Table 16.

Specimen

D-132A
D-132B
D-132C
D-132D
D-132DD
D-132E
Mean

(]

Relative M/BS Chloroplast Fluorescence Yields of
DCMU-treated Dichanthium annulatum Leaf Sections.

sl
97
.91
.07
.88
.05
.00
.09

MAX
2.36
2.18
2.08
2.30
A
2.20
2.21
0.11
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Table 17.

Specimen

H-122
H-131
H-133A
H-133C
H-133D

Statistical
Mean and

without
H-122

Same with
H-122

o)

155

Relative M/BS Chloroplast Fluorescence Yields of
Hydroxylamine-treated Dichanthium annulatum
Leaf Sections.

HYDROX YLAMINE

FMIN 2 Fyax
.95 3.45 4.02
1.94 2.09 2.25
1.86 2.09 2.34
2.08 2.37 2.62
2.49 2.69 2.85
2.09 2.31 2.52
0.28 0.29 0.27
2.26 2.54 2.82

0.45 0.57 0.71
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within mesophyll and bundle sheath chloroplasts. The total
fluorescence from an untreated chloroplast includes the fluor-
escence from both Photosystems I and II, although most fluor-
escence probably stems from PS II. Tris treatment should decrease
fluorescence by diminishing the variable fluorescence component

of PS II (cf. Section I. C2). Initially, it was assumed that
far-red fluorescence originated predominantly in PS II. If

the bundle sheath chloroplasts lacked PS II, as was inferred

from the infrared color data, then for Tris-treated material,

the total fluorescence from mesophyll chloroplasts should de- |
crease, while that from the bundle sheath should remain unchanged.
This would result in a decreased mesophyll to bundle sheath
fluorescence intensity ratio.

The mesophyl1 to bundle sheath ratio of 2.38 observed for
Tris-treated material implies that the bundle sheath chloroplasts
are at least as much affected by Tris treatment as are the
mesophy11 chloroplasts. Three independent sources of evidence
indicate that the chloroplasts contained in the leaf cross-
sections are, in fact, affected by the Tris treatment. Tris-
treated leaf sections display no System II-dependent tetrazolium

precipitate, whereas the untreated controls heavily precipitated

the dye (Fig. 47 and 48). Secondly, there is a visible decrease
in fluorescence intensity of Tris-treated leaf sections. Finally,
the spectral distribution of the fluorescence emission shifts
more toward the orange-red than is characteristic of the

untreated material.
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Fig. 47. Untreated Dichanthium annulatum (142-7A) with heavy
-4

precipitate of tetrazolium dye (10 ° M NBT, 15 minutes) after

exposure to light. X 550.
Fig. 48. Tris-treated (1 hour, 0.8M, pH 8.0) Dichanthium

4

annulatum (142-21A) does not precipitate tetrazolium dye (10 'M

NBT, 15 minutes) after exposure to light. X 550.
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In a manner consistent with the Tris data, there is a slightly
lowered mesophyll to bundle sheath fluorescence intensity ratio
in DCMU treated material. By blocking the flow of electrons
between PS II and PS I, DCMU treatment should result in an in-
crease of PS II fluorescence relative to PS I fluorescence. If,
as hypothesized in Section III, the bundle sheath chloroplasts lack
PS II, then the relative M/BS fluorescence intensity should have
strongly increased in the DCMU-treated material, provided the
light intensity was below the level of saturation. Similarly,
the fluorescence ratio determined after Tris-hydroxylamine
treatment should have been significantly higher than that for
Tris-treated material. This expectation stems from the supposed
restoration of variable fluorescence by hydroxylamine (cf. Section
I. £8)s

Although sub-experiment H-122 did result in a greatly in-
creased ratio, sub-experiments H-131, H-133A, H-133D resulted in
ratios approximately equivalent to those observable with Tris

treatment.

E. The Ratio of Mesophyll to Bundle Sheath Chloroplast
Fluorescence Intensities at 680 Nanometers

The procedure described in Section IV-D, to measure the
total fluorescence intensity ratio, needs only slight modifica-
tion for calculating the ratio at 680 nm. Once perfected, this

modified procedure may be adapted to provide fluorescence spectra.
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During sub-experiment 106-680, a 680 nm interference filter
with a 10 nm half band width is inserted between the specimen
and the film. The resulting decrease in transmitted fluorescence
intensity necessitates a ten-fold increase in exposure time.
Figure 49 illustrates the linear portions of the "Character-
istic Curves" corresponding to the mesophyll and bundle sheath
chloroplasts on a series of photographs. The data from which
these curves are obtained are presented in Appendices B and C.
Figure 49 also includes the entire "Characteristic Curve" for
a single bundle sheath chloroplast.
An analysis of Figure 49 results in a computed relative
mesophyl11l to bundle sheath fluorescence intensity ratio at
680 nm of 7.05. The probability is 95% that the actual ratio
falls in the range of 6.31 to 7.89.
Similar data, obtained as a by-product of experiments 126-127

and 134-135, result in the following statistics:

Sub-experiments Chemical Treatment M/BS Ratio
126M/127BS untreated 4.19
127M/126BS untreated §.11
M o€ 134BS/134BS TRIS 6.01
135M/BS of 135M TRIS 5.89
M of 135BS/135BS TRIS 5.02

This ratio differs when computed at 730 nm (cf. Section IV.F2).
These data support the earlier findings of a greatly dimin-

ished far-red (680 nm) fluorescence component in bundle sheath
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Fig. 49. Characteristic curves for Dichanthium annulatum

chloroplasts at 680 nm: open symbols, mesophyll; closed symbols,

bundle sheath: ( A ) separate chloroplast used to plot a complete
characteristic curve.
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chloroplasts. However, since the relative mesophyll to bundle
sheath total fluerescence ratio remains fairly constant, even
under varying chemical treatment, it is appropriate to investi-
gate other chloroplast parameters of a Teaf actually used in one
of the quantitative studies. Figures 50, 51, 52, and 53 show
the ultrastructure of an adjacent untreated portion of the leaf
used in experiment 134-135 Tris. Although some bundle sheath

chloroplast profiles of Dichanthium annulatum lack lamellar

appression (cf. Appendix A, Figure 3), the chloroplasts profiles
studied in these quantitative experiments appear to have a

slight amount of appression, similar in degree to that found

in the bundle sheath chloroplasts of corn and Sorghum (Appendix A,
Fig. 5 and 6). A1l three species, however, decidedly lack exten-
sive grana formation in bundle sheath chloroplasts.

F. Fluorescence Emission Spectra of Dichanthium
annulatum

The procedure used to obtain the relative mesophyll to
bundle sheath fluorescence intensity at 680 nm (cf. Section IV
may be modified to obtain a fluorescence emission spectrum. For
this purpose, it is necessary to photograph a single specimen
through a series of interference filters. The negatives photo-
grapned through each interference filter determine one "Character-
istic Curve." In order to evaluate the fluorescence emission

spectrum of the chloroplasts in a single leaf cross-section,
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Fig. 50. Bundle sheath chloroplasts of Dichanthium annulatum

obtained from a portion of leaf adjacent to the one used in
experiment 134-135T. X 14,700.

Fig. 51. Portion of a bundle sheath chloroplast obtained from
the same source. X 48,300.

Fig. 52. Same as above. X 49,700.

Fig. 53. Same as above. X 62,700,
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ten filters, between 670 and 740 nm, are used. Figures 54, 55
and 56 show the densitometer tracings from three photographic
negatives used in this type of analysis. With different inter-
ference filters, greatly different exposure times are necessary
to obtain photographs of approximately equal density.

The data from ten related "Characteristic Curves," corres-
ponding to the ten filters, are analyzed to determine the relative
fluorescence emission spectra. Once again, the adjusted relative
mean density (D ) is set close to the measured relative mean
densities (D). In this case it is necessary to interrelate ten
separate "Characteristic Curves," which involve between 14 and

20 separate relative mean density (D) data points. Once ﬁA is
set, it is necessary to determine the exposure times (TQ),
necessary to obtain photographic negatives of an equal adjusted
relative mean density (DA), when each photograph is taken

through a different interference filter.

Photographic negatives of equal densities are obtained by
equivaient exposure to light (cf. Section IV. A). In accordance
with this restriction of equivalent exposure to light, the pro-
duct of fluorescence intensity and time of exposure must remain
constant (cf. Section IV. A). Consequently, the reciprocal of the
exposure time is a direct measure of the fluorescence intensity.
Therefore the reciprocal of the exposure times (1/TQ), correspond-
ing to a uniform photographic density (ﬁA), when each photograph

is taken through a different interference filter, can be used to
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Fig. 54. Densitometer tracing of Dichanthium annulatum

bundle sheath chloroplasts (126BS-6) photographed through a
720 nm interference filter for 35 seconds.
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Fig. 55. Densitometer tracing of a photograph of Dichanthium
annulatum bundle sheath chloroplasts (126 BS - 4), photographed

through a 730 nm interference filter for 36.1 seconds.
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Fig. 56. Densitometer tracing of a photograph of Dichanthium

annulatum bundle sheath chloroplasts (126 BS - 2) photographed

through a 740 nm interference filter for 32 seconds.
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determine the fluorescence intensity of that specimen at that
waveiength. First, however, the calculated 1/TQ must be
corrected for the spectral characteristics of the filters and/or

the film. 1/T, must be adjusted since the percentage trans-

Q
mission of the interference filters and the spectral response
of the film both vary (cf. Section II. C).

It proves easiest to multiply TQ by the necessary correc-
tion factor. Since fluorescence intensity is proportional to
the reciprocal of TQ, a correction factor which increases TQ
will effectively decrease the computed fluorescence intensity.

Table 18 shows the calculation of each of the thirteen
corréction constants. Since the raw data preferentially favor
740 nm, the other wavelengths need a correction constant smaller
than 1.00 to increase their relative fluorescence accordingly.

A correction constant less than 1.0, used to correct TQ,

results in a larger relative fluorescence intensity, as measured

by 1/TQ.
Since each filter passes only two to ten per cent of the

total fluorescence, exposure times must be increased between

fifty and ten fold to adequately expose the film. The necessary

exposure times vary from nine to twenty-five seconds for the

mesophyl1l, and from 32 to 150 seconds for the bundle sheath.

The photography for a mesophyll series takes approximately 45

minutes to complete, while the bundle sheath series requires

approximately one hour. This is close to the amount of time
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Table 18. Calculation of Time Correction Constant

Interference Film Filter Time correction

filter factor factor constant
wavelength, nm

—
—
N
>
o
nN
nN

644 5 x5 = o.623
661 9o ox 38 - o
671 ey x o2 - o0
680 o xR - ooses
689 oo x 3B - o.ee9
696 5o x gB - 0.8
701 535 x B - o.6w
707 593 o« B - o0
709 B2 x 2B . g
715 353 x & - 0.7
722 59 x 2 - o
731 59 x 38 - o
741 s s L . 1

i
W)
N
(9%
(e)
W)
o
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it takes for chloroplast fluorescence to irreversibly fade
under the microscope. Fortunately, bundle sheath chloroplasts
are more resistant to fading than mesophyll chloroplasts. In
addition, chloroplasts at the periphery of the section tend to
fade more readily. This fading is apparent by a visible loss
of red fluorescence. Consequently, whenever the ch]orop]asts
start to fade before the completion of a sub-experiment, that
sub-experiment is discarded.

This fading problem necessitates 1imiting the number of
separate photographs to an absolute minimum. Usually two rolls
of film contain the data corresponding to four separate spectra.
The data for each spectrum involve between thirteen and twenty
photographic negatives, and ten "Characteristic Curves".

Approximately 20% of the "Characteristic Curves" corres-
ponding to one experiment are determined by two or more data
points. These "Characteristic Curves" are used to estimate the
gamma (slope) of the remaining 80%. Therefore, of the forty
"Characteristic Curves" involved in one experiment (ten for each
of four spectra), eight are determined by two or more points,
while the remaining thirty-two are determined by a single point
and the computed gamma.

The relative fluorescence at 661 and 644 nm is determined
by caiculating the relative fluorescence intensities at 680,
661, and 644 nm, respectively. The 661 and 644 nm values are

then expressed as a percentage of the 680 nm value.
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Figure 57 shows the four "Characteristic Curves" of experi-
ment 139. Two of these curves are used in determining the fluores-
cence intensity of mesophyll chloroplasts at 680 relative to 644
nm. An exposure of 12.59 seconds through the 680 nm filter
develops the same DA of 14.00 as an exposure of 1052.00 seconds
through the 644 filter (cf. Appendix C). These estimated ex-
posure times (TQ) must be corrected for film and filter biases
with the proper correction constant before the fluorescence
intensity at 644 relative to 680 nm can be evaluated.

i ) X CC [

Q(680 680 - ‘644

Toeeas) * Ceaa  Tego

12,59 X 0.583 - .
1052.00 X 0.623 ekl

Therefore, if the relative fluorescence intensity at 680 nm
is calculated as 8.00, then the relative fluorescence intensity
at 644 nm can now be estimated as 0.08. Table 19 outlines the
661 and 644 values for all of the fluorescence spectra measured
in this investigation. The raw data are included in Appendices
B and C.

The bundle sheath fluorescence penetrating the 644 nm filter
is barely capable of dakkening the film. Since it is possible
to measure a relative ratio as low as 0.01, as described above,
the bundle sheath fluorescence at 644 nm is significantly less
than 1% of the value at 680 nm. The assumption of a ratio as

large as 0.01 would still result in a value of less than 0.025
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Fig. 57. Characteristic curves for experiments 139 and 141.
(A) 661/680, M-TRIS; (B) 644/680, M-TRIS; (C) 661/680, BS-TRIS;
(D) 661/680, BS-TRIS; (E) 661/680, BS-untreated; (F) 644/680,

M-untreated; (G) 661/680, M-untreated.



Table 19. Relative Fluorescence Densities of Dichanthium annulatum Chloroplasts at
680, 661, and 644 nm.
680 D-661 661 680 F-661 661 680 F-661 661
MIN MIN MIN MAX MAX MAX
680-661

126M 10.60 0.156 1.65 8.92 0.147 131 11.49 0.167 1.92
126M" 13.19 0.156 2.06

1278S 2.53 0.152 0.38 2.31 0.128 0.30 2.74 0.179 0.44
127 10.77 0.156 1.68 9.69 0.147 1.42 11.81 0.167 1:97
127m" 13.32 0.156 2.08

1268S 2.06 0.152 0.31 1.86 0.128 0.24 2.25 0.179 0.40
134M-Tris 11:12 0.145 1.61 10.54 0.133 1.40 11.70 0.158 1.85
135BS-Tris 2 24 0.143 0.32 2.00 0.124 0.25 2.49 0.164 0.41
135M-Tris 10.48 0.145 1.52 9.89 0.133 1.32 11.00 0.158 1.74
134BS-Tris 1.74 0.143 0.25 1.55 0.124 0.19 1.96 0.164 0.32

680 D'-644 644 680 D'-644 644 680 D'-644 644
MiIN MIN MIN MAX MAX MAX
680-644

126M 10.60 0.011 0.1 8.92 0.010 0.09 11.49 0.012 0.14
126M" 1319 0.011 0.15

127M 10.77 0.011 0.12 9.69 0.010 0.10 11.81 0.012 0.14
127" 13.32 0.011 0.15

134M-Tris 11,12 0.012 0.13 10.54 0.011 0.12 11.70 0.014 0.16
135M-Tris 10.48 0.012 0.13 9.89 0.011 0.1 11.00 0.014 0.15

178
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relative fluorescence intensity units in comparison with the
values between 1.50 and 3.00 calculated for the remainder

of the spectrum. Therefore, although the absolute bundle

sheath fluorescence intensity is not quite zero at 644 nm,
within experimental error, the relative fluorescence is less
than 0.03. This also indicates that the background fluorescence

or baseline is nearly zero.

2. Spectra of Untreated Material

Experiment 126-127 measures the fluorescence emission spectra

of untreated Dichanthium annulatum mesophyll and bundle sheath

chloroplasts. Separate sub-experiments are used to determine

two separate spectra for each type of chloroplast. Figures

54, 55, and 56 show the actual densitometer tracings made from
photographs of bundle sheath chloroplasts recorded in sub-experi-
ment 126 BS (Fig. 60).

The actual exposure times vary with the particular filter
being used, and are estimated, in each case, in an attempt to
achieve a photographic density between 9.0 anc 18.5 relative
density units. For example, in sub-experiment 126 BS, it is
only necessary to expose the film for 42.90 seconds through the
680 nm filter to achieve a relative mean density (D) of 16.08.
In contrast, a 66.00 second exposure through the 701 nm filter
is required to achieve a relative mean density (D) of 15.73

(Fig. 58).
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Fig. 58. Characteristic curves for experiments 126BS-127M.
Letters indicate wavelength maxima of the interference filters
used in each sub-experiment: A/671, B/680, C/689, D/696, E/701,
F/709, G/715, H/722, 1/731, J/741. Cross lines indicate the

adjusted relative mean density.
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As; B... (cf. Fig. 58).



182

Fig. 6C. Infrared black and white photographs of the leaf
section used in sub-experiment 126 BS.

Fig. 60a. Control photograph, 1.1 seconds.

Fig. 60b. Interference filter (740 nm), 32 second

corrected exposure time.

Fig. 6Cc. Interference filter (680 nm), 150.8 second corrected
exposure time.

Fig. 60d. Interference filter (689 nm), 4.95 second corrected

exposure time.
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In order to interrelate all of the data for a given sub-
experiment, it is necessary to examine the “Characteristic
Curves" for each of the ten filters. Since experiment 126-127
includes four (sub-experiment) spectra, it also involves a
set of forty "Characteristic Curves" (Fig. 58 and 59).

The next step in converting the raw data of sub-experiment
126 BS into a relative fluorescence spectrum consists of setting
the value of DA at 16.00. Each "Characteristic Curve" then de-
termines Q, the antilog of which is the adjusted exposure time
(TQ) corresponding to this value of DA' The leaf photographed
in sub-experiment 126 BS requires an adjusted time (TQ) of 131.20
seconds through the 671 nm filter, 83.37 seconds through the
680 nm filter,... and 31.99 seconds through the 740 nm filter, to
develop a EA = 16.00 (cf. Appendix C). These values for TQ must
then be corrected for film and filter spectral characteristics before
the reciprocals can be used as a measure of fluorescence intensity.

In summary, the procedure for obtaining a fluorescence
spectrum with the MOFF technique is as follows:

1) Photograph a single leaf section through a series of

interference filters.

2) Compute the relative mean density (D) of each photo-

graphic negative for the appropriate type of chloroplast.

3) Draw the ten "Characteristic Curves" corresponding to

the ten series of photographs obtained with the ten

interference filters.
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Select an adJusted mean re]at1ve dens1ty (D ) close to

the observed re]at1ve mean dens1t1es (D)

' Determ1ne each Q: The 1ogar1thm of the exposUre time

: correspohding'to a density. of EA onjthe,“Characteristic

- A_Curves“.j"

",6):.

Determine each TQ' the anti]ogarithm of Q, Which

' corresponds to the exposure times requ1red to deve]op

the selected D

Correct TQ for_f11m'and'f11ter spectral sensitivities

" by applying the'approprfate'correction factors.

Y

'Determ1ne each R", the rec1proca1 of the corrected TQ

va]ues "R" is proport1ona1 to relat1ve f]uorescence

. 1ntens1ty

Plot R"_aga1nst‘the peak transmission,WaveTengthvof .

~ éach filter,

-'I'O,f) -

V.11)5

Repeat'steps 5-9 for 5A + Lin order to compute the

" error bars.’

Use Table 19 to determine the fluorescence intensity3 :

(_at 644 and 660 nm re]at1ve to 680 nm, and 1nc1ude

these p01nts on the graph

Th1s procedure is used to obta1n the f]uorescence spectra

vc shown in’ F1gures 61 and 62.

The spectra conta1ned in any s1ng]e f1gure are corrected

w1th respect to each other, however no spec1f1c re]at1onsh1p

- is ma1nta1ned from one f1gure to the_next.,nThe magnitude of av
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thglffuorescence is a function of the chosen D,. The‘DA Ofbthe -

subfekperfments shown in a single figure arefadjustedbto each

"other*as a means of adjusting the entire spectrum ~The DA data'

of different exper1ments are d1ff1cu1t to corre]ate because the
1nc1dent 1ntens1ty cannot be prec1se1y contro]]ed
The standard error bars 1nd1cate a probab111ty of 9SA

that the re]at1ve mean f]uorescence of the ch]orop]asts at the

-'de51gnated wave]ength w111 ‘be conta1ned in the range determ1ned_

by the error bars

3. Spectra of Trws treated Mater1a1

The spectra of Tris- treated mater1a1 can be determ1ned by
. the 1dent1ca1 procedure used to obta1n spectra in F1gures 61

and 62 F1gures 63 and 64 deplct the character1st1c curves

of the photograph1c raw data F1gures 65 and 66 11]ustrate the-

'ca]cu]ated spectra. Once aga1n the spectra of a g1ven f1gure o

are corrected w1th respect to each other, a]though‘no'spec1f1c
reTationship_exiSts betWeen-spectra-of different figures. The
" raw data are contained in AppendiceslB and C.

4. D1scuss1on _ o

The fluorescence spectra of untreated D1chanth1um
'-annulatum ch]orop]asts reaff1rm that the tota] f]uorescence
intensity from bundle sheath ch]orop]asts is s1gn1f1cant1y
_ Iess_than that from mesophy]] ch]oroplasts.'vTh1s relative

~ decrease is especially. marked at wavelengths below 700 nm.
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Th1s is a]so cons1stent w1th the 1nfrared co]or data (cf II

‘C8 and V B])

Perhaps most str1k1ng 1s the s1m1]ar1ty in shape of the

’ spectra of untreated and Tr1s treated mater1a1 (cf F1g 61 62,

65, and 66) | Th1s would seem to- 1nd1cate an equa]]y great
effect of Tr1s on the 1nfrared and far red components of f]uores-

cence An 1ntegrated d1scuss1on of the data 15 conducted in

vSect1on V

G. :Quantitative Analysis of,F1uoreSCencev5pectra

It is poss1b1e to est1mate the re]at1ve area under a curve

by we1gn1ng a piece of paper . cut to ‘the prec1se shape of the v*"‘

i curve " For comparat1ve purposes, 1t is necessary to use a s1ngle-
'un1form sheet of paper to trace a11 curves under d1rect compar1son;:"
‘The we1gh1ng method is used to est1mate the re]at1ve areas under .
v!d1fferent port1ons of the f]uorescence em1ss1on spectra measured

"1n th]S study Tab1e 20 of Sect1on v summar1zes these data

: Each of the upper four pa1rs of data“1n Tab]e-20_comparesg7

"spectra obtained in COnnection with ‘one. experiment. It is

1mposs1b1e to compare accurate]y the data between two separate

'vexper1ments because the condenser settlng and the f11m deve]op- ft’ -
timent m1ght vary However, 1t is poss1b1e to perform a rough - S
| _compar1son by assum1ng that these d1fferences are m1n1ma1 B
. ‘Spectrum 127M can be norma11zed to spectrum 134M Tr1s by

. choos1ng an 1dent1ca1 D of 14 00 (127M") Spectrum 126M can

be norma11zed to spectrum 135M Tr1s by choos1ng an 1dent1ca1
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5 of 14 oo { 126M“.).‘ Spectrum 126 BS can be norma11zed to f :
135 BS Tr1s by assum1n§ an 1dent1ca1 DA of 13 00 ( 12685" )
Spectrum 127 BS can be norma112ed to spectrum 1348S Tr1s by
choos1ng an 1dent1ca1 ﬁ of 13 75 F1gures 67 69 are obta1ned |

©in th1s manner.

" H. vEXperimentaI.Error ‘

M1croscope ana]ys1s of C4 p]ants.necess1tates thin sect1on- ‘
| ing wh1ch p1erces the wa]]s ‘of most mesophy]l and bund]e sheath
ce]]s Therefore, a]though spec1men preservat1on is one ‘of the
' maJor advantages of the MOFF techn1que, the ch]oroplasts are -
st111 exposed to chem1ca1 damage Buffers are chosen to m1n1-;_
_m1ze thlS damage The rema1n1ng ce]]s wa]]s protect the ch]oro~”

' p]asts from mechan1ca1 1nJury

In sp1te of the broken cell wa]]s, tetrazo]1um dyes penetrate L

: the monocot bund]e sheath ce]]s s]ow]y (cf. Sect1on I.xD).-The |

suberazed 1ayer~0f the~bund1e sheath ce]]’Waf]s:probab1y-constituteSf

‘this”barrier -This'suberiied iayer might.a1so present a barrier,"
e1ther part1a] or comp]ete, to Tr1s DCMU or Hydroxy]am1ne |
Tr1s penetrates in suff1c1ent quant1t1es to a]ter ch]oroplast ,'?-

"f]uorescence (cf Sect1on IV DZ) but 1ts concentratlon and B
-:;'effect1veness m1ght be d1m1n1shed |

. The m;croscope condenser-concentrates a'stronge]ight source

'on the specimen,:thereby increasing the danger.of'pfgmentfphotO~fh
bleachingﬁ~'Tris,increases the'susceptibilttyhof-chioroplast53

_to photobleaching ( 290 ). Although all of the photobleached
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RELATIVE FLUORESCENCE

Fig.'69}° Relative fluorescence emission spectra of Tri

untreated Dichanthium énnuTatum bundle sheath}ch]oropiasts’.

' nornia_]ized_ by choosing an equivalent adjusted ‘ir'e1at_:-1'\v/e mean

d}ens'ifty;-f( A ) untreated, (0) Tris.
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.sections observed are discardeot'it'isrpossib1e that data in- -
vojvingipartialVbleaching;'imperceotibIe;to theveye, resu]t’ in
distorted_spectra; | | ; .
'iThe;usefofvthe microscope'necessitates.the'investigation'ot'f:‘
f]uOrescence ataroom'temperature“ Most pub]ished studieszarec

'mon1tored at 1ow temperatures because of the 1ncreased ava11ab1e

reso]ut1on (cf Sect1on I. C]) Consequent]y. 1t becomes d1ff1cu1t .

to’ compare data from d1fferent sources

Any f]uorescence measurements 1nvo1v1ng 1ntact ch]orop]asts
'are‘potent1a]]y'suscept1b}e_toverror through se]f-absorpt1on
. (cf*.sectiOnii" c1). Bundle‘sheath'chTOropiasts are 1argerbﬁ
' than sp1nach ch10r0p1asts and therefore m1ght show greater self-
, absorpt1on If spec1men 1ntegr1ty is cr1t1ca1 for bundle sheath
1nvest1gat1ons, then th1s is one source\of error that must be N :3
.shared by all C4 1nvest1gators. - o ) |

There are many potent1a1 techn1ca1 prob]ems assoc1ated w1th

: »the.MOFF techn1que. ;They 1nc1ude uneven f11m emu]s1on, 1ncorrect1y

N timednmanual'exposures; non-uniform deve]opment-w1th1n a dual~
capacity plastic deueioping»tank;'relativeliack'ofvspectral-
"reso1utjon by “interference fi]ters;.nonAuniform a]ignment:of the
microdensitometer; fncomp]ete-density'scans'due tothe small- j
beam size re]at1ve to the ch]oroplast 1mage,‘and the presence

of hidden f]uoresc1ng mater1a1 beneath the ch]oroplasts be1ng |
_lstudled. It 1svposs1b1e to m1n1mjze these errors w1th.]arge
samole sizes and-careful_work.: Thefunjformity of{the four setsA

T
|
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of f]uorescence spectra m1n1m1zes the. p0551b111ty of s1gn1f1cant

_random error in these exper1ments.‘ - _d“

oIt is unusua] that the MOFF techntque'ebnsfstentTy.detects a
d1fference between mesophy11 and bund]e sheath ch]orop]ast f]uores- pf

'cence, at room temperature whlch other techn1ques requ1re 1ow
temperatures‘tq detect (191, 192, 113,»286). There is a_poss1b11ity
of undetected Systematic_errorf"The oo temperature data'dff

~ Bazzaz andsGOVindjee"('ZQ‘)'are'simtiar to that dbtatned tn

-this;thesfS'at”rdom temperatUre,',Poor'speCimen integrity poSsibjy' '

accdunts for the inabiiity dfiother studies tdjdetect'differenees_
"in.mesbphy11dand bundle sheath fTUdrescence at‘room'temperature .
‘There is a]so reasonab]e correlation between D1chanth1um room o
_=temperature data, and other C4 1ow temperature studies, a]though

R the d1fference in recordlng temperatures makes d1rect compar1son
_d1ff1cu1t (29, 113, 191, 192, 286). N R

Mayne ‘et al. detect no unusual room temperature f1u6rescente=

vpatterns in the1r pure bund]e sheath and mesophy]] ch]orop]ast

fragment preparations (19]) Unfortunate]y, they d1d not, or

cou]d not, 1nvest1gate the f]uorescence of their 1so]ated 1ntactv

cells. These ce]]s are probab]y too th1ck to be stud1ed 'Thé__f

rjrelease of 1ntact ch]orop]asts from 1so]ated th1ck-wa]1ed bundle;n
.sheath ce]]s would be d1ff1cu1t ‘however, on1y a sma]T y1e1d f'

'fwould be necessary.l | | | | | '

| Anderson et a1--(5)-havekrecent1y‘succeedediin isoiattng

'bund]e sheath ch]orop]asts. but they have not yet re exam1ned

J

bund]e sheath f]uorescence
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V. Discussion

A. -Summarxgof EXperiMenta] Res01ts;'

Before d1scuss1ng the 51gn1f1cance of these data, it wou]d

}v. be va]uab]e to recap1tu1ate the key observat1ons

'_,.1)

o cons1stent1y‘1nd1cate that the f]uorescence.properttes :

Infrared color and infrared. b]ack and wh1te f11m data

of‘agranal'bundjedsheath ch]oroplastsvareiStrikihglyv

" different from those of the mesophyll and other chloro-

: -p]aSt's .

“2)

Infrared color film data indicate:

' a)"The‘ratio*of'f1dorescenCe.emtssiOn'above 700'nm/i E

- be]ow 700 nm s greater in bund]e sheath ‘than 1n i

mesophy]] ch]orop]asts

'idb)i'The fluorescence y1e1d is Tower in bund]e sheath |

_3)

v Lthan 1n mesophyl] chlorop]asts

"The ‘black and wh1te 1nfrared film data c0nf1rm and

| extend the infrared color film datavjn:the fo]]ow1ng_:“'-:{"

" ways

:-a) The f]uorescence emission spectra of mesophy]]

and bund]ersheath.chloroplasts_of:D1chanth1um. ,»-d
,'anndlatum'confirm'the.htgher ratfo of fiudres-f”:
,vcence above 700 nm/below.700 nm 1n bund]e sheath »
_re]at1ve to mesophy]] ch]orop]asts This rat1o_

*_;1s approx1mate1y 2:1.
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‘ ;b) The f1uorescence y1e1d of bund]e sheath ch]oro-
p]asts is appr0x1mate1y ha]f that of mesophy]]
h vch1orop1asts ' :
' 13,_'The aItered f]uorescence'yie]ds and spectra of C4
( :‘chtoropTastshcan.he:positiuely.chre1ated with}the o
'V:degreevof_]amé]iar'appression.'

4. Dichanthium annulatum bundle Sheath'ch]Orop]asts-have;p:"

a Variable‘componeht of‘f]uorescencevequaT'to-that'of, o
c .vaeSOphyll chloroplasts. |

" 5.. The variable component of fluorescence in the mesophy11

finé ;fand"bund1e sheath-ch]oropTaSts.of Dichanthium annulatum
" has a sfrOng infrared component;]in'additionfto the
:»expected far- red component |

Both the fluorescence y1e]d and the shape of the f]uorescence

o spectrum of chloroplasts are affected by the buffers used and by

the types-and amounts of 1norgan1c ions present It is necessaryv
fto m1n1m1ze the phys1ca1 and chem1ca] spec1men damage dur1ng
spec1menvpreparat1on. -C4 ch]orop]asts seem unusually sen51t1ve '

to these factors when their outer membranes are damaged Therefore,
wheneverlposs1b1e, c]ass I ch]oroplasts shou]d be used in these E
,_stud1es ( Unfortunate]y, the use of intact ch]orop]asts in. f1uores-

.- cence, stud1es 1ncreases the probab]e contr1but1on of se]f absorp-

”j"t1on art1facts

S
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B. Internal Consistency of Data

Table 20 1nc1udes data compar1ng the relative areas under
the quorescence emission curves, above and be]ow 700 nm,for each
" of the'pa1rs of spectra shown‘1n F1gures 61 62, and 65- 69 of |
-Section‘IV These data corre]ate weII with the spectra] ana]ys1s ‘
of 1nfrared co]or f11m as presented in Section III |
?: The co]or response of 1nfrared-f1]m'var1es w1th the'reIatiyea

‘ proport1on of far- red and infrared I1ght str1k1ng the film. . An

1nfrared/far red ratlo of 0. 5 shou]d cause a yeIIow co]or to develop S

on the f11m, wh11e a rat1o of 1. O shou]d result in a goId coIor.l:
”Untreated f]uoresc1ng mesophy]] chIorop]asts turn’ 1nfrared
~color f11m e1ther yelIow or go]d According to Table 20 the1rh
1nfrared/far red ratio is approx1mate1y 1.1 | e

Infrared photographs of’ untreated quoresc1ng bund]e sheath
_ch]orop]asts haveva range of-co]or from orange to red. The1r
1nfrared/far-red rat1o varies between 2.1 and 2.9. A'ratiO'of
_-2 0 causes an orange “color to deveIop on the f11m wh11e a 4. 0
' »ratlo resu]ts in a red-orange A true red coIor usua]]y_does

'not develop unt11 ‘the ratio is greater than 4.0. | g |

Tr1s treatment aIters the color of f]uoresc1ng bund]e sheath
chIorop]ast photographs to either yeIIow orange or go]d S1m1--1 '
IarIy,_Tr1s treatment Iowers the1r rat1o to approx1mate1y 1.7.
' iInfrared photographs of fluoresc1ng Trls treated mesophy]]

i ch]oroplasts are a]ways ye]]ow Tris treatment lowers the1r

| rat1o to 0. 8 f'vh"' ] h_" h 0
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Table‘20; ‘Re]at1ve Fluorescence Est1mated by the Area Beneath '

a7t the Spectra] Curves =~ :

spectra}h_ 640-740* 700-800* 640-700 700-800* M/BS
VU - - 640-700 640-740

126M - 0.65 0.59 . 0.59 . 1.0 ..
S .8
12785 - 0.23 0.33 0.6 21

127M 0.8 . 0.69 053 1.3 . .
12685 - 0.33  0.41 . 0.4 2.9 B

135M Tris 0.8 0.4 0.54 0.8
A - 2.9
13485 Tris - 0.28 - 0.23 013 1.8

138M Tris  0.88 - 0.48 0.58 - 0.8
TR S | R
©136BS Tris  0.28 . 0.22  0.14 1.6

' M Tris
M'P]ain

1384 Tris ~ 0.61 e
o 0.7
12M Tris . 0.86 -

1M Tris 0.0 o
BREE | - 0.7
126M Tris - = 0.82 U

” T BS Tris

1358S Tris  0.35

o o : 0.7
' 126BS"Tris  0.50 :

"BS Plain

| 0.7
1278S"Tris - 0.52

h'. *For the purposes of these ca]cu]at1ons, 1t is assumed that the
" relative fluorescence 1ntens1ty is approx1mate1y zero at 800 nm
(cf. F1g 61, 62 65 69) ' y S f
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" The:average M/BS fluorescence ratio computed for untreated

Dichanthium annulatum ch]orop]asts inYSection IV. is 2.2. Tris

‘treatment causes the ratio to be slightly higher (2. 4)“'

ratio: computed by the we1gh1ng method, -and summar1zed in Tab]e 20,
is 2. 8 for untreated t1ssue, and 3.0 for Tris- treated t1ssue These
rat1os, obtalned by the we1gh1ng method do not 1nc1ude wavelengths
_ longer than 740 nm, and consequent]y are s11ght1y h1gh There-

fore the var1ous sets of 1nfrared black and wh1te film data are
lfalso 1nterna1]y consistent. S “

h The spectra obta1ned for d1fferent exper1ments w1th the MOFF

ana]ys1s of f]uorescence are a1most 1dent1ca] The . further s1m1-

larity between the spectra of untreated and Tr1s treated D1chanth1um .

nnulatum_xs also str1k1ng.

'C. Relationship to Other Studies

1. The Effect of Tris Treatment on the F]uoreScence-Yie1d

Tr1s treatment resu]ts in a Towered f]uorescence y1e1d Park

et a1 determ1ned that the variable fluorescence accounts for

vapprox1mate1y ha]f of the total fluorescence-at the light 1ntensities’_

used and that this var1ab1e component is lost upon Tris treatment

- (231). The norma11zed D1chanth1um annulatum spectra 1n F1gures _

67-69, and summar1zed in Table 20, appear to retain between 60- ;vf‘
"70%'of=thetr total fluorescence after Tris treatment with high'

excitation intensity.
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- An eXamination[Of Figures 67-69. reveals the.effect'Tris.
treatment can have on the long waveTengthéComponents_of chloro-
pTast-fTuorescence in addition to its normally“acknowledged.
effect on the shorter wavelength components 'The hund]e sheath
spectra show approx1mate1y un1form decrease over the measured

range 670 to 740 nm- after Tr1s treatment The mesophyT] Spectra

ashow as’ great a decrease at 730 nm after Trls treatment as they do

at 680 nm. Consequent]y, the effect of Tr1s at waveTengths be- B

'Ttween 700 and 740 nm 1s equaT to or greater than 1ts effect at o

wavelengths beTow 700 nm

2. ;Low Temperature:FTuorescence Properties;of Cy PTants,

o TabTe 3 and Figure 7 of Sect1on T summarize the data from ‘

_ Mayne & BTack (191) The Hill reaction act1v1ty 1ncTudes both

oxygen evoTut1on and NADP photoreduct1on from water The 77° K

fTuorescence em1ss1on spectra the F730/F685 rat1o and the vari-

- able f]uorescence data are of part1cu1ar reTevance to the Dichanthium
A'fluorescence data presented in this study The room temperature
- spectra obta1ned by Mayne and. BTack are 1dent1ca1 for both: meso- :

'phyTl and bundle sheath-chTorop]asts At 77°K the spectra of

both mesophyTT and bundTe sheath chToropTasts peak at F685,

| 1mp1y1ng the presence of PS II in all p]ast1ds (191) "A11 of

' MayneaandeTack s data indicate the presence of'PS 11 1n‘bund1e.eT

sheath‘ch]oroplastS'aTthough their assay for variabTe'fluorescence

differs from most stUdies_on variab]e.fluorescence'in that it
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does ndt invd]ve Zris"treatment Mayne and B]ack detect a
M/BS var1ab1e fluorescence rat1o of 2:1, in contrast to the:
D1chanth1um rat1o of 1: 1 : The1r f]uorescence spectra resemb]e“'
'the ones measured in the Woo et a1 study'(286)‘except that
Mayne and B]ack record a h1gher re]at1ve F685 for both mesophy]]

and bund]e sheath spectra

v

- 3,_7RoomvTemperature Fluorescence Properties of'C4‘P1ants'

E Bazzaz'and Govindjee examine the room températUre f]uorescence

pectra of Zea mays bund]e sheath and mesophy]] chloroplasts (29)
The1r Zea mays data agree qualitatively with the D1chanth1um '

‘ data'presented in this study in that there 1s a pr@d@minance.of'

} 1ong wave]ength f]uorescence in. the bundle sheath relat1ve to the -

mesophy]] ch]orop]asts Quant1tat1ve1y,'1n D1chanth1um the

‘ re]at1ve M/BS fluorescence y1e1d is 2.0. In’corn 1t.1s 1.2-1.5.
After norma]1z1ng f]uorescence spectra at 680'nh,,thef1dn91Wave;n'
>1ength fluorescence component of Dichanthium is 3. 5-5‘5vf01d‘v
‘higher in the bundle sheath relative to the mesophy]] This.‘

| ratio 1is on]y 1. 5 in corn_

| These quant1tat1ve discrepancies could reSuTt‘trom a Struc;

tura] d1fference between nearly agrana1 D1chanth1um annu]atum '

_ _bund]e sheath ch]orop]ast prof11es and those of Zea ays wh1ch
show more thy1ako1d over]ap Since it is very d1ff1cu1t to
obtajn a bund1e sheath ch]orop]ast preparation’as,pure as 70%,

V Zmesophle contamination of the corn bundle sheath preparation is
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'hkprobably s1gn1f1cant enough to d1m1n1sh the detectab]e d1fference

Vbetween the two fract1ons Error 1n the D1chanth1um data cou]d

a]so contr1bute to the d1fference (ch'Sect1on IV..H).

4. Variable-and Constant Fluorescence

"According to'GoVindjee 6t al. the spectra of var1ab1e and B
constant f]uorescence a]though d1st1nct1ve are remarkab]y k |
s1m1]ar (118). Var1ab1e f]uorescence is on]y_1;2;fo]d greater‘
:'than'background f]uorescence'at 685‘nm; and on1y'90%'of‘the' ﬁ
| -background f]uorescence at 720 nm when the spectra are normai1zedlvf
'Zat 700vnm Accord1ng to C]ayton (76 777, the var1ab1e component f
of f]uorescence is re]ated to PS 11, wh11e constant f]uorescence 7_'
;supposedly does not - reflect changes in photochem1stry Th1s o
v1ew is supported by the constancy of background f]uorescence
§n sp1te of vary1ng cond1t1ons For examp]e C]ayton showed
3 that the 1nten51ty of saturat1ng 11ght does affect the var1ab1e
f]uorescence, but does not affect the background component

The s1m11ar1ty in the var1ab1e and constant f]uorescence

¢

spectra is s1gn1f1cant, If the tota]_f]uorescence emlss1ong;.

- spectra resemble the variable. f1uorescence emission spectra,'~ =

- then they must both resemble the constant fluorescence spectra

This pattern a]so occurs in both the mesophyl] and bund]e

'sheath ch]orop]asts of D1chanth1um annu]atum In add1t1on,_

_the re]at1ve M/BS f]uorescence does not change after the

| ) e11m1nat1on of var1ab1e f]uorescence by Tr1s treatment This
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-'impliesfidentfca1 proportions of PS II in mesophyﬁ1'and bund]e ‘

sheath ch]orop]asts of Dichanthium annulatum.

. Mohanty‘etval 1nvest1gate F730/F685 of untreated and Tris-

' washed:chloroplasts (196).'lTh1sgratfo rema]ns constant for -ff'.
both}samp]es} Ihis'is consistent with the observed similarity
betweehzthe.variab]e and total f]uorescenCe enission speCtra7of

| chhanthium_annUIatum.__Sin;e they describe PS II as short -

wavelength'and PS I as Tong wavelength, when reporting that
theiF730/F685 ratio does not change after Tris‘treatment they
seem to 1nd1rect1y 1mp1y that Tris treatment equally effects

VtPhotosystems I and II

"5"'Fonction-of Ch]ofopTaSt Lamellae

Accord1ng to the work of Sane et a] R stroma 1ame11ae conta1nl

only PS I, and have only neg]1g1b]e var1ab1e f]uorescence (241)

- These stroma 1ame1]ae should be weak]y f]uorescent yet L1nt1]hac:.

~and Park (181) observed un1form f]uorescence in all chlorop1ast '
lamellae (230) . Spinach stroma 1ame]]ae m1ght be funct1ona11y

-d1fferent from C4 chlorop]ast 1ame11ae

The ontogeny of grana is often corre]ated w1th ‘the funct1ona1?

~ deve]opment of PS II (48, 245) The grana of C3 p]ast1ds m1ght
or1g1nate as fo]ded stroma lamellae. Then-the_ontogeny ‘of '
agranal’ sugar cane bundle sheath ch]orob]asts presents'the
reverse s1tuat1on in that grana form wh1ch are subsequent]y

1ost‘(174). Park suggests that agranal bund]e sheath ch]oro-

L
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p]ast lamellae are part]y unfo]ded grana (221)7 ‘Since,
accord1ng to th1s thes1s. PS II act1v1ty is not lost 1n the f

near]y agrana] bund]e sheath p]ast1ds of D1chanth1um annu]atum,

_'either the funct1ona] re]at1onsh1p between grana and stroma
lamellae d1scovered by Sane et a] is restr1cted in 1ts occurrence,

,or else C4 plants are one of the  few except1ons to the rule.

_ ;vAccord1ngvto.Lytt1eton s exper1ment on Amaranthus ga1mer1.f
v_nnder cenditions of highvlfght intensit&; grana‘dq'not form'
hfn.theibundle'sheath (189). Sma11~grana deve]op Under Tow 1fght 3

'Ainfensity condifiene, If lamellar strncture,and funetion ahe : :
‘ connelated in C4 plants, then thefenvirOnment is canable bf

adJust1ng the photosynthet1c apparatus in some C4 plants

hTherefore ‘the C4 1ame11ar system and sp1nach stroma 1ame11ae .

Care only homo]ogous
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VI. Conc]usions

C4 plants have d1verged on a s]1ght1y d1fferent evolut1onary

path from C3 plants with regard to carbon fixation. It is p0551b]e
b

~that there are some add1t1ona] d1fferences in the Tight react1ons,, N

A however, th1s appears un]1ke1y because of the detect1on of PS II
in agrana] bund]e sheath ch]orop]asts. vThe.C4 syndrome occurs
« 1ﬁ‘sévgra1 different"plant droups,;and is an example'of conVer-
.vgent evo]ution It s poss1b1e that the 11ght react1on apparatus |
2 ‘has’ not evo]ved in such a un1form manner The C4 phenomenon ‘ |
m1ght be an evo]ut1onary red herr1ng .in the study of photo-
' synthes1s 1n that the supposedly different carbon f1xat1on

_'cycle appears to be a pre]1m1nary set of three react1ons before

- the part1c1pat1on of the ub1qu1tous Ca]v1n cyc]e (cf E4),

s1h11ar11, a]though the fluorescence propert1es of some bund]e |
sheath ch]orop]asts d1ffer from those of mesophy]] and C3 p1ast1ds,
| 'all non-mutant C3 ‘and C4 ch]oroplasts appear to conta1n both
photosystems (cf 1. E6) _ . AR ‘F‘

The 1ower y1e]d and higher proport1on of 1nfrared f]uorescence
~in bund]e sheath re]at1ve to mesophy]] chlorop]asts appears to |
be po§1t1ve1y correlated with the degreevof lamellar appresslont‘-
"'_Sane et aJ. (247) detect on]y-PSvI'in unappressed spinach- '

]ameliae; yet,nearly agranal Dichanthium annulatum bundle sheath

-chloroplasts appear to contain both PS I and PS‘IIQ Thisvdiscrep-;.b
ancy might be explained if lamellar appression is needed for the

development, but not the maintenance, of PS Iit_ Immature}sugar
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'hcane bundIe sheath chIoropIasts conta1n smaII grana wh1ch are
'.Iost dur1ng subsequent maturat1on (174) . Izawa and Good measure
normaI H1II react1on act1v1ty in chIoropIasts w1th unfoIded
| grana«membranes_(146) | Therefore, unappressed bundIe sheath
chloroplastvIameTIaelappear to be quaIItat1ver d1fferent'from
v[both grana and stroma IameIIae Stroma IameIIae probany repre-
sent a much s1mpIer system than the compIex bundIe sheath , '
IameIIae | ‘ B

In th1s study, the var1ab1e quorescence component of bund]e
-»sheath chIoropIast quorescence 1s 1nterpreted as ev1dence for |
a functTonaI PS II 1n‘these chIoropIastS'. It appears that in-

D1chanth1um annu]atum, variable quorescence has a Iarger Iong

waveIength component ‘than prev1ous]y expected and that the

. totaI and var1ab1e-f1uorescence emission spectra contain many "

. s1m11ar1t1es

“The" presence of PS I in C4 pIants is agreed upon by all
"workers._ NormaIIy a h1gh-F735/F685 1s assoc1atede1th enr1chedewd
:PS I. *ih concIusion from the thesis‘data; and‘Contrary‘to'currenth
doctrlne the F735/F685 rat1o is not aIways correIated with the I
‘hrat1o between totaI and var1ab1e quorescence The reIat10nsh1p
between the chI a/chl b rat1o photosystems 1 and II quores-
a;:cence em1ss1on spectra, and var1abIe em1ss1on spectra needs to

o be re exam1ned o | B |

RS Photom1croscopy has proven to be a vaIuabIe techn1que for

| tudy1ng quorescence H1gh opt1caI resqut1on'studjesuof o

: chIoropIast quorescence can be performed in. s1tu The'unique -
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spectral sens1t1v1ty of 1nfrared co]or f11m renders it capab]e :
of d1st1ngu1sh1ng between far-red and 1nfrared ch]orop]ast
f]uorescencet These photographs can therefore be used as a

' vdetector for chlorop]asts with enr1chedAjnfrared1f1uorescence :
' :patterns - o - | |
H1gh speed b]ack and wh1te 1nfrared f11m 1s su1tab]e for

-quant1tat1vevstud1es‘of ch]orop]ast fluorescence.' The resu]ts

o are reproducfb]e and internally COnsistent The room temperature"'

fluorescence 'studies agree qua11tat1ve1y w1th the 77 K f]uores—
.‘f cence stud1es performed in other 1aborator1es - N
| It wou]d a]so be 1nformat1ve to study the freeze fracture :
' patterns of agrana] bund]e sheath ch]orop]asts 1n an effort to
v'correlate the 1nterna1 Tamellar structure with runct1on In
' splnach stroma 1ame11ae, on]y PS I and small part1c1es are found
'h(24)‘ ‘The presence of‘large partjcles in unappressed bundle
sheath_1ame11ae‘uou]d indicate a'possib1e difference_fn'functfon.
“ The absence of 1arge-partic1es‘wou1d indicate'that-a correlation
_';exists.petween'particle size and']ameflar appression; ij | |
.Itvwould be_preferab]e:to extend'these freeze fracture inVesti}
gations to- other unappressed‘1ame11ae.' ChloropIast mutants. and |
~ low salt dissOCiatedegrana:woqu make exce]lent subjects. The.
_.granaTrchlorop1asts of romaine Tettuce wou]d.also yié]d'informa-
f_tiye freeze.fracture'patterns and infrared f]udrescence photonicro-

graphs because of theirihigh chl a/chl b ratio. -
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" APPENDIX A

o E]éctron_Micrograph$ of:C4f

. Grass Leaves
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Tab]é Al. Part I. Figure Legends for the E]ectrdn.MicrOgraphs

~of C, Plants ( W. M. Laetsch)*

" Figure  Plant . Plastid ' Group * Magnificétfdn'SourCQ

Al _ Sugar cane  BS A 51,400 C
A2 Sugarcane BS  IA 24,500 ¢
A3 Dichanthium BS - IA 17,530 @

s _annylatum o o e _

‘A4 Dichanthium M CIA 24,530 G

. - annulatum L S :

A6 . ;"Sorghum  - BS S B | S | C.

A7 . Digitaria  BS I 12,800 &
. . sanguinalis . ‘ R .
A8 Digitaria 8BS - .IC. . 5,200 &
- - sanguinalis R R e
A9 Digitaria  BS IC - 7,000 - C
: . sanguinalis - ‘ G s

f;owgrmng

5

A0 Digitaria BS - I 19,000 € -
- -~ . sanguinalis - o ' : _
fTowering

A1l Echinochloa BS - ID 25,980 G
. colonum B S

i

|

" A12° . Cenchrus = BS &M ID - 18,900 . G
IR - sativa ‘ S o S

‘A13 ' Cenchrus  BS&M  ID 14,490 G
R - sativa . h A
A4, Cenchrus - BS Ip  .57,700 G
' - sativa I - '

|

|

A15  Euphorbia  BS I 18,620 - C
- " serphyllifolia - : ' D

:
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Table Al. Part II.

Figure Plant Plastid Group Magnification Source
Al6 Euphorbia BS ID 18,000 [
maculata g

A17 Spartina BS IIA 18,390 F
ollosa

A18 Spartina M IIA 23,300 F
oliosa

A19 Cynodon BS F
dacleon

A20 Amaranthus BS IIA 44,500 C
edulis

A21 Mo1lugo BS IIA 22,950 C
verticillata

;

A22 Froelichia BS IIB 24,330 C
. gracilis

A23 Atriplex BS IIB 18,640 C
entiformis

A24 Atriplex M IIB 29,850 C
Tentiformis

A25 Cotyledon of
Amaranthus BS IIB 38,100 C

eaulis

A26 Cotyledon of
Amaranthus BS IIB 23,050 C

A27 Mollugo BS IIB 10,570 C

A28 Mo1lugo M IIB 21.750 C
cerviana

A29 Portulaca BS IIB 63,300 G
oleracea

A30 Portulaca M IIB 23,880 G
912!2222 :
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Table Al. Part III

Plate A5 courtesy of Dr.‘Weier.

Plate A6 after Bisalputra et al. (35).
Plate A19 after Black et al. (42).
*A11 others courtesy of Dr. Laetsch.

(C) growth chamber, (G) greenhouse, (F) field grown
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XBB 717-3072
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3065

XBB 717
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XBB 717-3267



XBB 717-3269

220
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XBB 7310-6159



222

XBB 7310-6158



_ SR kG
XBB 718-3568
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3567

XBB T18
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XBB 718-3565
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3566

XBB 718-
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XBB 717-3264



5 g

XBB 717-3266

229
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g

XBB 717-3145
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L3

XBB 717-3144



XBB 717-3146



XBB 717-3143
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XBB T18-356L4
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3066

XBB 717
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XBB 717-3064
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3070

XBB 717
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XBB 717-3071
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)

XBB 717-3067
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XBB 717-3068
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XBB 717-3063
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XBB 717-3271
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XBB 717-3069
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ko
XBB 717-3265
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A30

-3268

XBb 747
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APPENDIX B
Infrared Black and White
Photographs of Experimental

Leaf Cross Sections
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Table B1. Part I. Figure Legends for the Photographs of Experi-
mental Leaf Sections

Figure Experimental Plastid Film Exposure Corrected
Treatment Type Frame Time (sec) Exposure Time

B1-a 680 nm M 126-21 16 27.44

B1-b M 126-18 1.1 1.89

Bl-c 689 nm M 126-23 9.9 11.39

B1-d 741 nm M 126-34 22 22

B2-a 680 nm M 127-11 16.05 27.53

B2-b M 127-07 1] 1.89

B2-c 689 nm M 127-13 8.9 11.39

B2-d 741 nm M 127-22 18.1 18.1

B3-a 680 nm BS 127-40 88.1 151.12

B3-b 701 nm BS 127-36 66 95.1

B3-c 689 nm BS 127-39 42.9 49.36

B3-d 741 nm BS 127-25 54 54

B4-c 680 nm M 134-22 18.05 30.95
Tris

B4-a 701 nm M 134-28 29.19 42.03
Tris

B4-d 689 nm M 134-24 12.30 14.15
Tris

B4-b 741 nm M 134-35 27.04 27.04
Tris

B5-c 680 nm M 1347-14  20.15 34,56
Tris

B5-a 680 nm BS 134T7-16 115.05 197.31
Tris

B5-d 701 nm BS 134T-10 64 92.21
Tris

B5-b 741 nm BS 134T-05 55 55

Tris
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Table B1. Part II

Figure Experimental Plastid Film Exposure Corrected
Treatment Type Frame Time Exposure Time

B6-c 680 nm M 135-22 18.1 31.04
Tris

B6-a 680 nm BS 135-39 115.02 197.25
Tris

B6-d 701 nm M 135-30 28.98 41.75
Tris

B6-b 741 nm M 135-37 27.08 27.08

B7-c 680 nm BS 135-15 85.04 145.84
Tris

B7-a 680 nm -M 135-14 20.07 34.42
Tris

B7-d 70T nm BS 135-10 64.10 92.30
Tris

B7-b 741 nm BS 135-05 55.15 55.15

B8-c 680 nm M 139-1 12 20.59

B8-a 661 nm M 139-6 60 77.41

B8-d 661 nm BS 141-3 450.01 580.51
Tris

B8-b 680 nm BS 141-1 85.19 146.10
Tris

B9-c 680 nm M 139-23 12.01 20 .59

B9-a 645 nm M 139-31 1000 1605

B9-d 680 nm M 141-19 16 .54 28.36
Tris

B9-b 645 nm M 141-23 1250 2006.25
Tris

B10-c Untreated M 120D-19 0.55

B10-a Untreated M 117B-17 0.55

B10-d Untreated BS 117D-22 1.95

B10-b Untreated BS 119B-19 1.6




250

Table B1. Part III.
Figure Experimental Plastid Film Exposure Corrected
Treatment Type Frame Time Exposure Time
B11-c Untreated M 131E-31 1.1
B11-a Untreated M 131D-27 1.1
B11-d Untreated BS 131E-32 2.3
B11-b Untreated BS 131D-28 2.3
B12-c Tris M 131G-39 1.1
B12-a Tris M 131F-35 1.1
B12-d Tris BS 131G-40 2.6
B12-b Tris BS 131F-36 2.3
B13-c HA* M 133C-36 1.1
B13-a HA BS 133C-39 2.8
B13-d HA M 122HA-2  0.55
B13-b HA BS 122HA-4 2.1
B14-c DCMU M 132C-10 1.1
B14-a DCMU BS 132C-11 2.35
B14-d DCMU M 132D-13 1.1
B14-b DCMU BS 132D-14 2.4
B15-a Tris M 130-38 1.1
B15-b Tris M 130-39 1.9
B15-c Tris BS 130-40 3.1
B15-d Tris BS 130-41 2.82

*hydroxylamine
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XBB 717-3224
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XBB 717-3227
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XBB 717-3225
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XBB 7310-6156
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XBB 7310-6155
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XBB 7310-6154
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XBB 7310-6153



XBB 7310-6152
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XBB 7310-6151
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XBB 7310-6150
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XBB 7310-6149



262

6148

XBB 7310-
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®

-3

XBB 7310-6147
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XBB 7310-6146
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B15

XBB 717-3226
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APPENDIX C

Data Tables
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ABBREVIATIONS
(Te)'  - exposure t1me
.i(D)‘ :_  relative mean density
W(:ﬁ);’ | - standard deviation
'?Z(N)' S sample number ':' : v E RENN
(t'”') ' the .05 confidence limit of the t d1str1but1on for
fﬂél" ~ (n- 1) degrees of freedom
(E)Tv? o standard error of the mean _
(L) o magnitude of error as defined in the text
'(DA) n | ~ adjusted re]at1ve mean dens1ty v |
Q) .- log of exposure time correspond1ng to 0
(TQ) v  ~ antilog of Q, the exposure time corresponding thﬁA'
(F) | Relative fluorescence of M/ES ' .
([)-A B average error |
_(D +L)‘ ~0.05 confidence limits of b,

(T + and T»-) 0. 05 confidence 11m1ts of TQ _

(FMAX and FMIN)’ Maximum and minimum F. .
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‘ .w,Table”Cli Data for the "CharacteristiC'CufveH

_of a Single Chlorop]ast

C : §pec1men : 'T‘e o -Loq_Té SR ﬁ'D‘

.65/686;13 7.05  o.s82  0.00
BS/680-14  14.80  1.1703 0.8
© BS/6BO-15 21.90  1.3404  1.78

‘ | SR
33

W

. BS/680-16  29.35  1.4676
BS/680-17 =~ 37.15 1.5700
 BS/680-18 49.00 1.6902 - 5.78

N

. BS/680-19  63.00 17993 6.60
BS/680-20  100.15. 0006 . 10.13
BS/680-21 - 128.45 .j088  12.71

BS/680-23  169.50 2292 15.42

NN NN

BS/680-24  213.50 . .2.3208  16.42
| BS/680-25 . 300.00 24771 . 18.13




Experiment 106-680

Specimen' ST

TNt -t o £
e N t(‘os) E- ) F
WY
©M/680-15 T 21.90 1.3404. 12.47 1.41 39 2.025 0.225 0.456
M/680-16  29.35 1.4676 15.30 1.56 38 2.027 0.250- 0.507 14.0. 1.409 25.65 -
SAte | . 7.05
M/680-21 128.45 2.1088 10.51 1.39 19 2.101 0.317 0.666 14.0 2.257 180.73 .
BS/680-23 169.50 2.2292 13.74 1.21 18 2.110 0.28% 0.599 |
'BS/680-24 213.50 2.3294 15.00 1.18 18 2.110 0.277 = 0.584
.Spec1men tLv DA+L - Q TQ+' DA-[' Q TQ_ EMAX : FMIN. .
I D | o o 193.20 | -
M/680  0.482 . 14.48  1.429  26.85 13.52 1.389 . 24.49 p7o = 7.89
SV o | : , o SV 169.40 _ . A7
BS/680  0.616 14.62 . 2.286 193.20 13.38 2.229 ~163.40 ZEEs T 631

‘ Tab1e'C2. Data for Experiment 106-680,

- 69¢



Table C3. Data for Experiments 121 and 122.

270

'spec'lnen T Log ‘fe ) e '.N' t(.os) E 1 »UAV ) Tn F
SR » N-17 ' L
) ’ ‘ ) ‘Sub-experiment P-122 .
WP-122 10 0.0814 1415 1.49 28 2.052 0.282 0.58 14.25 0.050 . 1122
BS/P-122° 2.00 0.3010 11.47 1.84 16 2.'1_31 0.461 0.98 14.25 +0.431  2.697 z40
(BS/P-122° - 3.30 0.5185 16.45 1.75 15 2.145 0.453 0.97 B '
Sub-experiment T-121
WT-121 0.55 -0.2596 11.44 1.26 % 2.060 0.246 0.5) .
_lvr;:zl 1.70  0.0414 '15.35- 1.42 30 2.045 0.258 0.53. -14."75" n.nné v 1.090'- ‘
”._ lsQ-lél '2:30 0.3617 14.97 - 159 2 2.060 0,312 0.64 14.75 0.3d3 2:203 ,.“o
o Sub-experiment H-122 .
WH-122 0,55 -0,2506 12,02 1.19 27 2.056 0.230 0.47 . _
wH122 1.0 0.0414 16.44 134 28 2.052 0,252 0.52 1425 -0.107 D.781 5
BS/H-122 2.0 0.3222 12.9 0.76 18 2.110 0.178 0.38 14.25 +0.431 2.697 -
BS/H-122 3.20 0.5051 15.11 0.68 17 2,120 0.465 0.35 o
| ES/H-122° 4.0 0.6128 16.45 0.53 16 2131 0332 0.28
' .

i
i
i
H
!
i
i
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. Table,C4, Part 1. .Data for Experiment 126-127.

~ Filter T, TogT, 0 - o N ..-t-(.ﬂo.s, - E
L | AN
| 126 M o
671 18.10 1.2577 13.80 0.87 18 2.110 0.204' 0.43
671 25.50 1.4065 16.45 - 0.91 21 - 2.086 0.198 * 0.41
680 16.00 1.2041 15.44 1.58 32 2.040 0.278 = 0.57
689  9.90 0.9956 14.88 1.82 35 2.030 0.306 0.62 -
696 13.10 1.1173 13.49 1.75 35 2.030 0.294 0.60
701 20.15 1.3043 14,08 1.99 36 2.030 0.330 0.67
707 1610 1.2068 12.61 2.16 32 2.040 0.380 0.78
715 . 23.00 .1.3617 13.96 2.37 32 2.040 0.417 0.85
722 21.90 1.3404 13.72 2.07 35 2.030 0.349 0.71 -
731 20.00 1.3010 12.31 1.87 31 2.042 0.334  0.68
741 18.10 1.2577 13.58 /2.09 30 2.045 0.382 0.78 -
741 22.00 1.3424 14.47 1.99 28 2.052 0.374 0.7
671 18.10 1.2577 ~12.65 1.32 23 2.074 0.273 0.57 -
U671 24.95 0 1.3971° 14.90 1.42 21 2.086 -0.309 0.64
- 680- 16.05 1.2054 - 16.07 1.46 . 20 2.093 = 0.325 0.68
689, :9.90 .0:9956 15.06 1.61 19 2.101 0.370 0.78
. - 696°.13.00 1.1139 14.01 1.28 23 2.074 0.266 0.55
U701 20.27 1.3069 14.24 1.78 26 - 2.060 0.347 -0.71
707 13.10 1.1173  12.79 1.8 .22 2.080 0.401 0.83
707 16.00 1.2041° 14.20 1.62 29~ 2.048 0.300 0.6]
715 23.00 1.3617 15.04 1.33 25 2.064 0.264 0.54
715 23.00 1.3617 15.02 1.13 26 2.060° 0.221 0.46
722 21.95 1.3414 15.16 1.18 25 2.064 = 0.234  0.48
731 20.00 . 1.3010 14.40 1.31 26 2.060 0.256 0.53
741 18.10 1.2577 15.49 1.36 27 2:056 0.260 0.53




“Table C4, Part 2. Data for Experiment 126-127.

C 272

~ Filter D

Q

f 530 _

- 689
s
L 701
B 707

: 75
T2

N &1 N
S 2

671

689 |
696 .

‘4 7-01,

707.
715
722
73
781y

- 15.50

16.00

350
.209
.035
.244
.398
.385
460
452
.500
.398

.462
202
.054
.238
418"
.319
.421
.393
.802
.290

22.
16
10.
7.
25.

24

- 28
28,

31

| 25.

28.
15.
n
17.
26.
20.
. 26
24.
25.
19.

39
.18

84
54

01
27
.83
31
62
01

97
92

.32
30
18
84
.36
7

23

50 .

5.81 14.00°

- 4.49 14.50

S e T o YT

941

.258
114

a5
.301
.291 19,
.367
.360
409
.302

370
110
2961 .
147
322

223
329 21.
.300
310
198

5

13
2.

o oy vl oy Oy

.18
.62
.38

31
.99

18

.93
.20

3

.55
.32

.99 -

.86

.58
.87

.89

.55

3 o
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Table C4, Part 3. Data for Experiment 126-127
CFilter D O, T, R DL Q. To R
126 M o .
671 . 15.91 1.380 23.98 5.42 15.09 1.322 20.49 6.20
680 16.07 1.284 19.23- 8.92 14.93 - 1.174 14.93 11.49
689 16.12 1.069 - 11.72 9.81 14.88 0.996  9.90. 11.62
696 16.10 1.286 19.32 5.80  14.90 " 1.209 16.18 6.93
701 16.17 1.441. 27.67 5.22- 14.83 1.355 22.64  6.36
707 16.28 1.432 27.04 4.06 14.72 1.338 21.77 5.05
715 16.35 1.523 33.35 3.76 14.65 1.410 25.71 4.87
722 16.21 1.501 32.36 3.63 14.79  1.411 25.77 4.56
731 16.18 1.583 34.91 3.83 14.82 1.461 28.91 4.62
741 16.27 1.448 28.05 3.57 14.73 1.350 22.91 4.36
- 127 M o
671 16.64 1.502 31.76 4.09 15.36 1.422 26.43 4.92
680 16.68 1.248 17,70 9.69 15.32 1.162 - 14.52 11.81
689 16.78 1.101 12.88 8.93 15.22 1.008 10.19 11.29
. 696 16.55 1.277 18.92 5.93 15.45 1.206 16.07 6.98
701 16.75 1.463 29.04 4.96 15.29 1.370 23.45 6.14
707 16.61 -1.356 22.70 4.80 15.39 1.279 19.01 5.78
715 16.46 1.451 28.25° 4.44 15,54 1.398 25.01 5.0
722 16.48 1.422 26.42 4.45 15.52  1.367 23.28 5.05
731 .16.53 ~1.439 27.47 4.87 15.47 1.372 ~23.55 5.68
1 4.75 15.47 1.255 17.98 5

741 16.53 1.323  21.04

~
o

.56 -




Table’C5. Part 1. Data for Experiment 126-127. .

20

o F1]t§r ‘{Te

: log.Te

b

‘a

t
(§-1)

.05

)

- 671
680

- 689

. 696

~ 701

707

715
722
731
Sy

6N
630 .

- 689
696

. 707

75

7227
722
731
731
o741 -
o741

66

32

150.
- 88,
- 42,
 48.

66.
45,
~ 53,
'35,
57,
36.
64.

- 32

54,

©150.15
87.95
43,

© 49.

95
05

10

200

.

53,
35.
- 36.

90

00
00 -
0
.00

00

10

2

90

00
00 .
00 .

10

10

00

10 .
.00

00

ot M : P " " ; "I XY

I L L G Y PR S B X

.1765
.9442
.6340
6911
.8195
.6522
7243
.5441
.5575
.5051

.1761
.9450
6325
.6893
8195
.6532 -
.7283
.5453
.7566
.5563
.8069
.5051
.7324

16.

17.
16.

17.
16.
15.

14.

14,

16.

17.
17.
16.

15.;

15.

15,

14.

12,
-16.

11.

16.
13.
-16.

32
2%
42
40"
44
4
4

44

a4
4z

20
17
21

19

20
9
0
20
- 17
19

19

20
19

TR N D NN RN RN RN NN

.060
.020

.020

086

.093

.020
.020
021
.021
.020 -
.020

.042

.093
120

101
;093
01

.093
120
101
.101
.093
101

=T = T = N = P = i = = S o S = Y =)

=R =N = I - - - N - - -I- - -

.262 -

.337

.254

.303

.192
.161

.197

.371
.452

.424

.250

219
;268
-303

.289
.294

o 0O o0 oo o o

.289
225

.258
281
.316

.364

.337

0.

0;59‘

O 000 OO0 00O o o O

53

.40
61
47
.34
41
Vi

59

66 .
.79 "
.76
.95
T
.89 b

5T
A4

.54
61
.61
.58
.59
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680
s

 Table C5. Part 2. Data for Experiment 126-127.

Filter

b

A,

R

696
701
‘707

A
122

731
741

671
680
689
696
701
707

715
722

731
741

'16.00._'

15.50

B R e e T N

ekl e d e et med maed emd )

.118
.921
571
.635
.746
649
.737
.620
.655
.505 -

.028
.831
.599
L6771
.804
666
.765
.697
.760
.647

.20

.24
15

.56
.57
.69
.18
.99

.65
7.76
.72
.53
.67
.34
.21
J7
.54
.36

TRINN ORI SR ORI OO CORF O O

NN NN RN NN NN —

o
N
.

.09
.60
.59

.30

.21

.26
.37
.15

.06  -

47

e
96 .. .
12

.53
90
.36

36
32
.25

275
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Table C5.

Part 3. Data for Experiment 126-127.
t | S

276

' 741

16.

39

.707

61

.581

38.

.76

.06

04

>"'|_-'i1'1ter ﬁAﬂ' | Q_+ | TQ+ C R+_ | ﬁA_:L _' Q TQ,_ o
o 126 BS o o
671 16.53 2.152 141.90 0.91 15.47 2.089 122.70 1.05
680 16.69 1.963 91.84° 1.86 15.31 1.882 76.20 2.25
689 16.57 1.609 40.65 2.83 1550 1.549 35.40 3.25
696 16.51 1.669 46.66 2.40 15.49 1.600 - 39.81 2.81
700 16.44 1.779  60.11  2.39 15.56 1.717. 52.12 2
707 16.54  1.685 48.42 2.26 15.46 < 1.612 40.85 2.69 .
715 16.61 - 1.772 59.15  2.11 15.39 . 1.700 50.12° 2.50
722 16.61 1.660 45.71 2.57 15.39 - 1.583 38.28 3
731 16.58  1.691 49.09 2.72 15.42 1.620 41.69 3.20
741 16.59  1.543 34.92 2.86 15.41 1.470 29.52 3.39
| - 127BS |
671 15.90 2.052 112.75 1.15 15.70 2.010 -102.34 , 1.27.
680 16.11 1.871 74.30 2.31 -14.89. 1.797  62.66 ' 2.74
689 15.97 1.625 42.17 2.72 15.03 1.577 37.75 ' 3
696 15.84 1.699 50.00 2.24 15.16  1.653 44.98  2.49
701 15.91 1.832 67.91 2.12 15.09 . 1.780 60.24 2.39
707 15.91  1.690  48.98  2.24 15.09 1.633  42.95 , 2.55
715 16.09 1.800 63.10 . 1.98 14.91 1.729 53.58 2.33
722 16.29 1.742 55.21 2.12 14.71. 1.651 44.77 . 2.62
731 16.45 1.818 65.76 2.03 14.55  1.703 50.47 2.64
1 1 50.93  1.96 14. 1 n 2

62
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BS/H-13

‘1.28

Table C6. Data for Experiment 130-131.
Specinen . Te o R (.05 . i T a
_N-? ||
W/P-131C 1.10 . 0.0414 14.01 1.67 33 2.0378 0.29 0.59 14.01 0.0414 1.100
BS/P-131C '2.30 0.3617 12.91 1.45 39 2.0252 0.23 0.47 14.01 0.3860 2.432 2:21
BS/P-131C  2.80 0.4472 16.28 1.30 35 2.03%. 0.22 0.45
© WP-I3ID 1.10 0.0414 1408 1.63 46 2.0158 0.24 0.48 14.08 0.0414- 1.100 K
BS/P-131D  2.30 0.3617 13.49 1.63 32. 2.0399 0.29 0.59 .14.08 0.3880 2.443 2.2
BS/P-1310 © 3.20 0.5051 "16.15 1.63 30 2.0450 0.30 0.61 ' L
WP-13E 110 0.0414 14.85 1.15 48 2.0137 0.16 0.32 14.85 0.0414 1.100 .
-v'BSZP-ISIE 2.0 0.3817 15.00 151 & 2.0200 0.23 046 14.85 0.3520 2432
BS/P-131E ©2.97 0.4728 - 16.70 1.55 39 2.0252° 0.25 0.5 ' i
WT-13IF 1.0 00414 13.36 1.05 49 2.0126 0.15 0130 13.3% 0.0413 1.100
BS/T-131F 2.30 0.3617 11.71 0.99 53 2.0084 0.13. 0.26 13.36 . 0.4490 2.812 '2'56
BS/T-131F  3.16  0.4914 14.10 1.23 43 2.0189 0.19 0.38 .
WT-1316 1.10 0.0414 1322 1.48 44 2.0179 0.22 0.44 13.22 -0.0414 1100
BS/T-131G  2.60 0.4150 1333 1.26 - 35 2.03% 0.21 0.43 13.22 '0.4310 2.697 245
CBS/TING 3.20 0.5051 14.02 1.44 36 2.0315 0.24 0.49
WT-130 0.95 -0.0223 12.40 1.29 33 2.0378 0.2 0.5,
'M/T~‘I3b' 1.61 0.2068 16.07 1.37 40 2.0231 0.21 042 14.00 0.0790 1.199
CBSA-130 2.18 0.3385 11.95 1.67 30 2.0450 0.30 0.61 14.00 0.4620 2.897 2.4
BS/T-130  2.38 . 0.3766  12.89 1.71 35 2.033% 0.29 0.59 - '
és/mso- 2.82 0.4502- 13.67 1.39 38 2.0273 0.22 0.45 )
W07 190 0.0414 1449 1.02. 3% 2.0315 0.17 0.35 14.49 'o_.o414 1o
BS/T-130T 1.90 0.2788 12.31 1.05 39 2.0252 0.17 0.3 14.49 03720 2.355 w1
BS/T-130T  2.82 0.4502 16.95 1.04 46 2.0158° 0.15 0.30 '
BS/T-130T  3.10 0.4928 16.48 1.03 45 ' 2.0168 < 0.15 0.30
M/4-131 1.10  0.0414 12.79_  1.26 31 2.0820 0.23 0.47 o
CWH131 1.38 . 0.1399 1585 1.12 35 2.03% 0.19 0.3 14.00 0.0820 1.208
2.0 0.3222 1018 134 27 - 2.050 0.26 053 14.00 0.4020 = 2.523 200
BSH-131  2.80 0.3802 13.3% 1.51 28 2.0520 0.28 0,57 "
BS/H-131  3.12° . 0.4942 16.93. 28" 2.0520 0.24 0.49°




Table C7. Data for Experiment 130-131.
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Y REIN

0.420

13.47

li
Experinant /t OptC Q. Ty .} a-l Q. TQ‘_.._ F an Fecn
WPA3NC - 0.59  14.60 0,060 1.15 13.42 0,026 1.06 2.50 © - 2.3§
v .- TDhe=2.36 T5=2.%
BS/P13C 0.46 0 14,47 0.398 2,50 . 13.85 0.371 ' 2.35 o o
WPID 0.48 14,56 0,065 1.16 -13.60 0.022 1.05 2.59 o231
L - ‘ : - Y08 2,47 TE - 1.9
BP0 0.60 14,68 0,414 2,59 13.48 0,363 2.3 , S
TWPAISIE . 0. 1507 0.068 1,16 14.53. 0.022 1.05  2.42° 2.10
U S _ . TO5=2.3 YU =18
BS/P-131E  0.49 15.34° 0,38¢ 2.42 1436 0.323 2.10 _
WI-LE 0.3 13.66 0.058 1.14 13.06 0.029 1.07 2.90 2.74
: : s i : TO7 =27  T14=2.40
BS/T-13IF Q.32 13.68 0,462 2.90 13,04 ~0.437 2.78 SR [
WT-1316  0.46 13.66 0.062 1,15 12.78 0,023 1.05 2.83 - 2.58
o . v ) ) TO05=2.70. T.15 = 2.24
BS/T-1316. 0.6 13.68 . 0.451 2,83 1276 0.411 2.58 -
WT-130 . 0.48  14.44 0,162 1,45 13,56 0052 - 113 315 . 2.69 .
: : : - 7T TTi=2.719 T4 - 1.8
L BS/T-1X . 0.5 14.55 0,498 3.15  13.45 0429 2.69 - .- .
WTI0T 0035 14.84 0.060 1.15 1414 0.027 106 2.44 - 229
S T.06 =2.30 - T.15 = 1.99
BS/T-130T ~ 0.32 14.8) 0.388 2.44 1437 0.359 2.29 - ‘
w121 0.43 14.43 0.095 1.25. 13.57 0.069 1.17  2.63 °  2.43 -
S : . T.77.=2.25 71.25=1.94
0.53 14.83 2,63 0.286 R .




_Table C8. Data for Experiment 132-133.
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.328

Specimen - T,  log T, o N :(‘os)v £t A . TO'I' F
(n-1 : A
CM/D-132A 0 1.00 0.0414 14.02 1.39 43 2,019 0.211 0.43 14.25  0.053 1.131 21
BS/P-132A 2.28 0.3579 1419 1.21 23 2.074 0.251 0.52 14.25 0.378 2.387.
BS/D-1324 310 0.4914 16.21 1.14 23 2.074 0.237- 0.49 .
WD-1328 1.00 0.0414 13.08 1.27 47 2.015 0.185. 0.37 13.25 0,050 1.122
B5/D-1328  2.30 0.3617 13.53 ).20 ¥ 2.029 097 040 13.25 -0.35 2.213 -7
BS/D-1328  2.88. 0.4594 - 15,51 1.13 .37 2.029:' 0.185 0.38 o
"M/D~iaéc 10 0.0414 1147 0.98 38 2.027 0.159  0.32 12.00  0.068 1.169 |
':-ssxofxszc-' 2.3 03711 1241 104 38 2.036 0.19% 0.40 12.00 0.349 2.233° no
o . W/D-1320 1.10° 0.0414 12,05 1.18 40 2.023 0.18 0.38 12,25 0.052 1.127
. BS/D-1320. 2.4 G.3802 1240 0.88 17 2.120 0.214 0.45 12.25 0.369 2.338 i
. BS/DA3D 2.80  0.4472 13.83° 0.98 17 2.120 0.237  0.50 '
Cwpazon 1o 0.014 12.81 - 1.27 24 2,03 0.218 ¢.44 1375 0.090 1.23
BS/D-1320D 2.40 0.3802 13.63 1.44 24 2.06 0.294 0.61 13.75 0.365  2.317 e
Bszo-jaéno_ 2.80- 0.4472 15.81 - 1.10 24 2.069 0.225 0.47 ' B )
WO-1326 1.0 0.08414 10.82 0.82 33 2038 0.142 0.2 11.00 0.051 1.125
BS/D-1326 239 0.3784 11.28 0.85 31  2.042 0.152 0.3 11.00 0.363 2.307 208
WM-133A 100 0.08M4 14030 1.19 27 2.056 0.230 0.47 13.75 0.075 1.188 -
o WHI3R 158 01987 15.25 1.8 27 2.0 0.227 0.47 - 2.09
BS/H-133A 2.70 0.3222 12.57 . 1.03 23 2.074 0.214 0.44 13.75 0.395 2.483
BS/H-133A  2.41. 0.3820 13.31 1.30 . 23 2.074 0.272 0.5
M/H-133C 1.10 0.0414 11.89 1.22 35 2.034 0.207 ©.42° 12.50 0.101 1.262
WH-I3C  L.A7 01673 13.26 1.4 35 2.03° 0.192  0.39 o 2.37
CBS/H-133C  2.80 0.7z 1185 1.26 29 2.048 0.230 0.4 12.50 0475 2.98
M/H-1330i 3 1.0 0.0414 11.75 0.94 47 2.015 G.137. 0.28 11.00 0.003 1.000
'BS/H-1330  2.39 0.3784. 10.02 0.71 25 2.064 0.142 0.29 1100 0.429 2.663 269
WT-132 1.0 0.0414 14.07 1.28 33 2.025 0.205 0.42 13.75 0.025 .1.059
BS/T-132 - 2.20 - 0.342¢ 1238 171 23 2.074 0.357  0.74 13.75 0.426 2.666 2.5
BS/T-132 2.60 0.4150 13.59. 1{61 23 2.0 0.8 0.78 I
2.0 0.4624 14.05 1.57 23 2.07 0 0.

BS/T-132



280 !
Table C9. Data for Experiment 132-133. 'j
. 1
. . . i
!
;
' |
!
, — — |
Seectren L Rt % Moo At 0 T P P |
N o - B L - sl . i
B ' ' |
- . "Sub-experiment C-132A A R S J
WO-1324 0 0.43 14.68 0076 119 1382 0.032 1.07%6 $:33%-2.36 %283 1.a9 _ o
© BS/D-132A° 0:51 -14:76 0.408 2.535. 13.74 .0.352 2.289 . T - T g
. _ Sub-experiment T-1326 :
©OW/D1328 037 13.62 0.069 1.172 12.83 0.031 1.074 $338-218 2398180 !
BS/D-1328 0.39. 13.64 0.369 2,338 12.86 0.324 ~2.109 }
' v ‘ Sub-experiment D-132¢ . :
WD-1320 0.32 12.32 0.08 1213 an.68 0.051 125 PFEezo0s §552-1s i
BS/D-132C  0.40 12.40 0.370. 2.345 11.60- 0.328 °2.128 : ‘ !
: . to . ]
- e "© " Sub-expériment D-132D L !
‘ ‘ : . 2:478 _ 5 .o 2.203 :
CWD-1320 038 12.63 0073 1183 1187 0.033 1.079 g e2.30 Pygyc 1 . - |
BS/D-1320 0.48 12.73 0.3%4 :©2.478 1.77 - 0.343 2.203 . . o e o .
. . 'Sub-experiment D-13200 - . . L ‘ _ f
- : . 2,472 _ o 4y 2:177 : ' |
WD-13200 0.4 14.19 0.113 .1.297 13.31 0.068 1.169 ‘{yfe = 2m {5il- .68 - , . |
. BS/D-1320D_0.54° 14.29. 0.393 2.472 13.21 "0.338 ‘2.127 ' ' : |
_ >. o ] Sub-experiment D-132F - ) 1 ' :
W13 0.29 1129 0.066 1.164 10.70. 0.03 1.086 :33T. 220 L:223. 19 LT |
BS/D-1326 . 0.31 11.31 0.378 2.387 10.69 0.347 2.223 . ‘ ‘ f
o o sub-experiment H-133A . _
WH-I3A 047 .22 0.099 1256 1328 0.051 1.1zs F330- 2.3 2338 g
BS/H-133A  0.50 14.25 0.420 2.630 13.25 0.369 . 2.338 : -
) - ' 7 SUb-e')(pefimént' H-133C : y ;
WH-133C 0.1 12,91 0.3 1.358 12.30 T0.081 1.205 3ef= 262 %83l :2.08 :
BS/H-133C  0.47 12.97  0.500 3.162 12.03 0.452 .2.831 R R e
. sub-experiment H-133D o o . : I e b I ,
'WH-1230 - 0.28 11.28 0.017 1040 10,72 -0.012 0.973 ZlI3 =285 1—4—25594 = 2.49, . R :
S . : ‘. '.97 | .049 i
BS/H-1330 0.29 11.20 0.443 2.773 .10.71 0.414 2.59 ' ;
. Sub-expéeriment T-132° - o ‘ o ST . . x’
‘ ’ s : ' .2.931 2.443 ; i i
TWTA32. 042 1417 0.048 11171333 0.004  1.000 C¥gEr e 293 Py f 2.19 _ ;
BS/T>132  0.73 14.48° 0.467 2.931 13.02 0.388 . 2.443 . - T f
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”Fiifer - T

: lgg Te b

Nt
(209
N-T

671
“680M
680

689
e
lf:595 g
'i‘701‘
o109
s
g
o
o

148,
- 20.
85.

115

40.
50.
47.
64.
134.
. 53.

51

54,
27.
55,

10

07
04
.03

75

45

44

10

81
01

.93

02

02

15

2.1706

1.3025

1.9296
2.0608

1.6101
1.7028
1.6762

1.8069

12,1297
1.7244
1.7155
1.7326
1.4317
1.7416

135BS-Tris

15.

13

16
10.
13.
13
13
12.
12
12
Ilf
14.
1.

02
.38
32
62
13
01
.00

92

.04

32

32

37
65

1
1

1.

16.53  1.71
| .38
.48

76

1
.29
.55
.37
.49
49
32
1

47
A7

18-

36

18

18
18
18

18

18

18
18
18

18
3

18

NN

SR NN

110
.031
110
110
110
110
.110
.10
110
2110
110
o
.029
110

'O O ©o O o oo ©o o0 ©o o .o o o

.403
.230
.350
415
521
.539
600
.558
.586
.588
550
.496
241
512

o oOo. 0 o

.88

4

85
.47‘.'_

10

23
18
24 .
.24  ; '
16
.osl'v |
.49,ff.J :
.08
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"Ethgr-- Te i

1og_Te‘ 

ot '
.05 .

671
60
689
696
1170i o
h _709_-'
3~7i5" |
e
o

RER

- 25.45
18.05:
12.30
17.99

- 62.99
- 31.90
2402
31.10
27.08
':l36.97~
a'é7}07*

1.4057
1.2565
1.0899

1.2551
1.4652
1.7993

1.5038
1.3806

1.4928

1.4320
1.5678
1.4325

15.
15.
15,
u
BREY
14
13.

13

18,

64

55

41

17

55

94
'23'
;90
12.
13,

44
60

14

.r
1.

1

-~ 13M-Tris.

16.00 1.30
16

62

.59
'78,
.48
43
.44
4
.66 .
85
.69

39
38

35

34
3
30
29
27-}
. 28};
29
30
30

2.
2.
2.

B R I I N I SR o

025 .
027

033
.035
.035
.045

048
056
.052
048
045
.045.

o.zogl*
,‘0.187
0.273
0.272
0.304

0.270

0.266
0.278 |-
0.266

0.308

40.338

© 0o 0o o o ©o o o o o o o

.42

57
55

38
56
55
62
w5
.54[,

63
69
.63




Table C10; Fart 3.

Data for Experiment 134-135.
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f,-L

N

28.31  3.53

13.87

Q Tq R gt Q, _TQ«* R, A Q ® .
. L . o . 135BS-Tris L o »
671 13.00 1.96 9246 1.41 13.85 2.015 10352 1.25 12,15 1.917 &2.60 1.57
" gaoM 13,00 1182 15.21 .28 13.47° 1212 16.27 10.54 12,53 1158 14.39 1182
680 13.00 1.885 76.73 224 13.81 1.933  85.70  2.00 12.19 1.838 68.57 2.49
689 13.00 L7 5292 2.21 1432 1.78 . 60.53 1.90 11.88 1.651 a7y 257
696 13.00 1.675 47.31 2.3 14.23 1.748 55.98 2.00 11.77 1.604 40,18 _2.79'
701 13.00 1.807 64.11 2.25 1418 1.877  75.33 1.91 11.82 1.737 54.57  2.64.
709 13.00 213 136,50 1.88 14.24 2.207 16110 1.59 11.76 2.063 115.60 ° 2.2
ns 13,00 1.781 so.ib 2.07 14.24 17854 N85 175 .76 . 1.709 51.17. 2.45
T2 1300 V.755 56.89 2.06 14.16 1.823  66.53 1.76 11.84 1.688 48.76 2.21
731 13.00 0831 6776 1.97 14.05 1.892  77.99 171 1195 1.769 ~ 58.76 2.28
74M fié.ob_ "3 22,00 406 1349 1380 23.99 496 1251 1.322 26.99 2%
7M1 13.00 1821 66.21 1.51 14.08 188 76.56 1.3 192 1758 57.28 1.75
o , 134M-Tris o
n 14.50 1.316  20.70 628 14.92 132 2198 591 1408 1.293 19.63 6.2
680 1450 1.188 15.42 1112 14.88 1.211 16.26 10.58 1812 1.166 14.65 11.70
689  14.50 1.026 10.62 10.83 15.06 1.060 11.48  10.02 13.94 0.995 9.8 T1.64
696. 1450 1.201 15.85 7.07 15.05 1.235 1718 652 -13.-_95_'1.159 14,76 7.59
701 1450 1484 30.48 472 1512 1.520 3302 4.35 13.88 1.447 27.99 5.14
709 14.50 © 1.854 71.45 3.58 15.05 - 1.886  76.92  3.33. 13.95 1.822 66.38  3.86
75 1450 1.477  29.99. 4.17 15.04 1.508 32.2) 3.8 13.96 1445 27.87 4.49
722 1450 1.430 3090 3.80 15,06 1.523 33.35  3.52 1398 1.458 28.70  4.09
731 1450 158 38.54 346 1516 1.620 42.08  3.17 13.88 1.549 3540 3.77
T4 1450 (1452 1513 1.489  30.83 328 1 8 1.415 26.00 3.64
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'_'filtér: '_Te"

 1og'Te

a D Lo

Nt
o (-05y
N

e 1285
680M  20.15
680 115.05
'68§f . 50.53
689 40.90
69 47.46
01 6400
| f7°9,"‘ 134.78
s 5302
T2 s52.04
2 s2.04

o731 5409
73 5409

1 550

1.8062

1.7163
1.7163

; 134BS+TriS'

2.1089
1.3043
2.0609

1.7036

1.6117
1.6763

2.1296
1.7245

1.7331

1.7331

1.74o4

15.
15,
14
15.

13

13.
ERE)

14.
12.
13,
S13
.
.62
48

1

12.

61
27
.89
a
.62
3
%
97

90

06 1.
0
54

.88
.27
.90
"
;26-
1.92
07
.62
.76
70
.72
.85
.85
1.68

21
35
21

21
21
21 -
21
2
21
21
21 .
21
21
21

DR NN NN N NN NN NN r -

fd86:'
033
086
.086
.086
.086
.086
086
.086
.086
.086.
086
.086
086

© © 0o o 0 o © o 6 o o o6 o o - |-

410
210
416
.387
.494 '
419
451
.353
385
370
376
403
403 .
367

o o o o

© o © o o o . o

.43
.87

.87

.86

.81
.03

.13
.74

a7
78
8
84

a7
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Filter T,

: T .
}1og e

\

(.0
N-1

5)

E

o
680
680
-~ 6808S
6808 115.02
e
oy
689
696
o0
o709
_ '} 715; 
i
NN
‘ 7415'1 

25.46
| 33.20°
‘,13;10'
2.9
© 85.12

~11.10

1170
- 12.00
©18.10
" 28.98

63.20

. 31.80

30.97 -
i'37f]5 
~27;o$

1.4058
1.5211

1.2577
1.3606
1.9300

2.0608

1.0453

1.0453
1.0828

1.2577
4

1.46é1

.1-8007
1.5024'

1.4910

1.5700
1.4327

135-M-Tris

_14.
15.
15,
i6.
13,
-15.

13

14,

15

-13.
.28
29

13

2.
12.
12.

79

92
07

19
o1
34
.90
1n
.10
14,

51

.92
77

52
76

.18
.25
1.00
.05
1.55
65
.30
.23
.45
1.63
>
.42
1.30
4
.34
232

35
35
36

31

- 22
29
28 -
°30
2
30
27
-
30
2
 2Zv

NN N

Y

NP N R N NN YN NN

.033
033
031

042
.080
074
.048
.052
045
.040
045
.056
042
.045
.056
.056 -

O O O 0O 0o 0o 0 . ©o o o o o o o o o

.198

212

167
.189

.330}.
.344
.241
232
.264

.287
.307
.270
1233:'
.258
.258
255

© O 0 ©o ©. 0 O © O © o o o o o o

.34
.39

.53

.40
43

69
L
49
48
.54
.59
63
.56

53
52
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Table C11, Part 3. Data for Experiment 133-135.
l

CFflter D, e T R B Q . T R ‘ﬁn’-L e T R

_ 5 ) - 138S-Tris T B  f 7 o o
61, 1375 2001 100.00 1.30 1461 2051 11248 106 12.89 1350 .13 .46 . -
6BM 13.75 1.216. 16.44 10.43 14.18 V.22 1745 9.82 1332 1191 1553 11.08 S
sso : 1»33.7‘5' (1993 9}5.40 1.74 14.62 2.043 10.40 1.5 12.88 1.943 B7.70 1.9
685 1375 1.618 4150 2.77 1467 1.672 46.99 2.45 12.83 1.565 -36.74 3.13
@6 - 13.75 1.696  49.66 '

2
2.26 1462 1.748 5598 2.00 12.88 1547 4.3 2.53 L |
V1375 175 62.51 2.31 14.88 1.863  72.95 1.98 12.62 1,?7“3i sam3cozes . .|
2
2

e,

9. 13.75 2.058 114.30 2.24 14.49 2.101 125.90  2.04 13.01 2.015 WB.50 248 . .
ns 31‘:;;75‘ : 10 14.55  1.820. - 66.07 1.90 /1_2.9'5_‘, 1727, DM 2.3 ‘ '
T2 1375 1755 56.89 52 | . '
T 1395, 1857 71.95 1.8 14.59 .97 80.71 .66 12.91 1.B03 53.5.‘3 2.10
MW 1375 1415 2600 3.85 14.24 1.443 2773 361 1326 1.3% A 4.2
741 1375 1813 65.01 154 1452 1.860  72.45 138 12:98 1789 8875 L0

—

75" 59.57
.07 1452 1.800 63.10 1.86 12.98 1.710 351.28 229

-—

|
|
i
ki

-

“en 14.00 1.388  24.2] 5.3 14.41. 1,408 25.59 5.08 13.59 1.3 7286 589
680 14.00  1.214 6.3 10.‘4.8- 4.3 1239 17.3 9.89 13.64 1.183 . E60 |TLUO0
ms 1400 1.984  96.39 1.78 -14.70° 2.025 105,50 1.62 .13.30 1.343 EL70 136~ A

683 14.00 1.026  10.62 10,84 14.50 1,055 11.35 10.14 13.50 ©.998 936 TLES
€96 14.00 1.229° 16.94 6.6] 14.59 1.263 < 18.32 612 13.41° 1794 t5.63 .77
P91 1.0 1.407 - 25.53 5.64° 14.63  1.444 27.80 5.8 13.37 1370 2345 .M

U9 14,00, 1.815  65.32 3.93 14.56 . 1.847 . 70.30 3.65 13.44 - 1.781° B0.00- 425
715 - 14.00 © 1544 3500 3.58° 448 1.573  37.41 3.35 1352 1517 32088 381
722 14.00° 1.590 . 38.91 3.02 14.53 1.622 . 41.88 2.B1 - 13.47 1.560 . 46.31 3.24

731 14,00 © 1.656 45.29 2.95. 14.53 1.687 48.64 2.75 13.47 1.626 4227 3.6

741 14.00  1.504 31,92 3.13 1452 1.835  34.28 2.92 13.48 1.474 .29.78 3.3




Table C12. Data for 139-141.
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=1

“BS/T-661

Filter Te log T, o. #(.05) L DA ‘ Q } TQ X
N-1 ,
S : |
Experiment 139 ] '
M/P-680 ig.oo 1.0792° 12.05 1.57 44 2.0179 0.236 0.48 14.00 .
M/P-680 14.90 11732 1§§41, 14344 2.0179 0.216 0.44 14.00 1.136 13.68
W/P-661 60.00 1.7782 13.24 1.13 44 2.0178 0.170 0.34 14.00 1,820 6608
N/P-66]>‘ 90.01 1.9582 © 17.26 1.10 4 2.0179 0.166 0.34 -14.00
M/P-680 12.01 1.0795  13.46 1.33 .42 z.oéoo 0.205 0.41 14.00
W/P-680 13.22 11212 14.80 1.18 42 2.0200 0.182 0.37 14.00
M/P-680 < 14.60 1.1644 15.19 1.46 42- 2.0200 0.224 _'o.és 14,00 1.100 12.59 » :
W/P-644 1000.05 3.0000 13.50 1.57 42  2.0200 0.242  0.49 14.00 3.022 1052.00. o-on
gxgériment 141
W/T-680 16.54 1.2186 12.80 - 1.47 36 2.0315 . 0.245  0.50
M/T-680 18.17 1.2593 13.27 1.49 36 2.0315 . 0.248 0.50 -
WT-680 21.23 1.3260 14.76 1.45 36 2.0315 0.2 0.49
 M/T-680  27.88 1.4453. 16.67 1.3 36 $2.0315 0.224 0.45 1250 1.221 16.63
W/T-644 1250.08 * 3.0969  12.47 1.40 36 2.0315 -0.232 0.47 12.50 - 3.101 1261.75 o012
BS/P-680 85.04 1.9296 13.18 2.06 32 2.0399 0.364 0.74 .
BS/P-680 99.55 1.9980 14.83 2.17 32 2.0399 0.383. 0.78  14.50 1.988 97.26
BS/P-661 500.15 2.6992 14.80 2.24 32 2.0399 0.395 0.61 . 14.50 2.683 482.00 0.1z
BS/T-680 84.96 1.9292 15.12 1.41 25 2.0640 0.282 0.58 15.50 1.949 88.93
BS/T-661 480.10 2.6813 16.18 1.45 25 2.0640 0.292 0.60  15.50 2.651' 447.70 0199
WT-580 1650 1.2175 14.43 1.29° 41 2.0210 0.202 0.41° ‘
W/T-680 18.09 1.2574 15.41 1.27 a 2.0210  0.197 0.40° 14.50 1.217 16.48
WT-661 83.00 1.9191 14.21 1.28 41 2.0210 0.199 0.40 - o 0.145
M/T-661 104.98 2.0211  16.36 1.27 41 2.0210 0.197 0.40 14.50 1.932 85.50 -
BS/T-620 85.19 1.9304 13.92 1.38 20 2.0930 0.309 0.65
BS/T-680 115.01 2.0607 16.48 1.35 20 2.0930 0.302 0.63 13.50 1.918 . 82.80 :
450.01 2.6532  13.42 1.60 20 2.0930 0.358 0.75 13.50  2.660 457.10-. 013
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Téble C13. - .Data for Experiment 139-1»41.

i

Expeﬁ:mt Lot 4 T BT T Flax i .

. ; |

. . Experiment 139 “

" M/P-680 0.46 " 14.46 1.153 14.22  13.5¢ 1120 - 13.18 O

‘ . . o . 0.167  0.147 ;
_M/P-661 - .0.34° 14.34 .1.833 . 68.08 ' 13.66 1.806  63.98 o "

W/P-680 - 0.41 14.41 1.126° 13.37 13.59 - 1.084 1218 ‘ i

.o ‘ o Co 0.012 ~ 0.010 !

M/P-644 0.49 ' 14.49 ~ 3.041 1099.00 13.51 . 3.002 1004.80 S |

3 Experiment 141 - o o :

M/T-680 0.49  12.99 1.245 17.58  12.01 1.199°  15.83 o ' !

: ' < ' - 0.014 0.01 |

M/T-644 0:47 12.97 3.122 1324.33 . 12.03 3.080 - 1202.33 , 3

BS/P-680 . 0.76 15.26 2.024 . 105.68 13.74  1.952 89.55 ° ,

o - ‘ ’ ' S 0,179 0.128 i

BS/P-661 0.81. 15.31 '2.722 . 527.30° 13.69 2.648  444.60 o i

| BS/1-680 . 0.58 16.08. 1.975 94.40 1492 1.921 - 83.38 j

v . S 0.169 - 0.131
BS/T-661  0.60  16.10. 2.679  477.60 14.90 = 2.623  419.80 «

M/T-680 .  0.41 14.91 1.236  17.22 14.09 - 1.198 - 15.78 o
S ST _ : 0.158" 0.133
. M/T-661 0.40 1490 1.952 . 89.55 1410 1.914  82.04 - R

BS/T-680 0.64 . 14.14 1.947 88.53 12.86 . 1.886 . 76.92 B '
) ; - 0.158 0.M7. -

8S/T-661  0.75 14.25 < 2.695 ~ 495.50 12.75 2.625  421.70 ;
]

. \ : |

! : {

i

! . i

. |

|

1
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. 696

1
i
i
Filter Frzss 12785 :’Fq— o 187 '1§4 LIS N
er R R R . : . ;
T2 126M M Mo o.BS . BS M 8BS BS
} 0.3 - . 0.38 : . \
661 T8 = 0185 T.65-0.230 0.207 2.08 - 0.43 0.25 2.06 0.43 - 0.32
.99 1.21 . - ,
671 TAT = 0.220 5.8T=0.208 0214 555 1.19 1.30 7.18 1.5 1.41
206 2.53 ' ' ' '
680  10.77 = 0.191 10.60=0.239 0.215 13.32 * 2.86 1.74 13.19 2.84 2.24
. 3.0 2,90 : ‘ .
689 - 1077 =0.304 10.62=0.273 0.289 12.59 3.64 2.77 13.18 3.81 2:21°
2.60 2.36 - : B '
§748= 0401 £39=0.360 0385 7.9 3.08 2.26 793 3.05 2.37
. .59 2.26 , '
700 . 550-0.470 576=0.332 0.431 6.86 2.95 2.31 .7.20 3.10 2.25
2.47 2.37 '
707.  577-0.069 4.53=0.523 0.501 6.58 3.30 5.62° 2.82 -
709 - _ 2.24. : .88
2300 o 2.8 - S
ns I75=0.48 5.35=0.494 0.489 587 2.87 2.10. 5.38 2.63 2.07.
- 2.8 2.3 - o '
722 A76-0592 4&.5=0.569 0.581 5.89 3.42 2.07 5.3 2.98 2.06
. 2.96 2.2 R T
7y 830 - 0.558 473 =0.548 0.553 6.55 3.62 1,86 5.31. 2.94 1.97
3.1 2.25 - ' . I
7 ET3-0.608 400 =0.53 0.586 6.34 3.72 1.5 4.99 2,92 1.51
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