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Sumnmiiary. Ammonium toxicity resulted in morphological modifications of tomato
leaf chloroplasts. The chloroplasts, which are normally flattened around the protoplast
periphery, became ellipsoidally rounded and dispersed through the protoplasm. The first
apparent effect of plastid degradation was development of many vesicles from the fretwork.
Later the grana lamellae swelled, and some disappeared. Eventually, distinct grana could
not be detected.

Ammonium accumulation, chlorophyll loss, and photosynthetic decrease occurred simul-
taneously. Initial changes in these processes preceded the detection of modifications of
fine structure; however, each continued with further breakdown of the chloroplasts.

In many higher plants prolonged application of
ammonium as a source of nitrogen leads to serious
physiological and morphological -disorders resulting in
chlorosis, restricted growth, and in some cases death
(4, 5,10, 29, 30). With extended amnmonium nutri-
tion major alterations in protein metabolism occur.
Workers have noted (4, 34) that in plants treated
with amnmonium, the synthesis of inso!uble nitrogen
compounds within the leaves levelled off and eventually
showed a small decrease; subsequently, soluble nitrogen
increased. Barker et al. (4) showed that the high
concentrations of the soluble nitrogen compounds
accumulating under ammon.um niutrition wrere largely
derived from endogenous sources.

An increase in concentration of free ammn nium
may disrupt various aspects of plant metabolism.
Ammonium ions uncouple photophosphorylat on (2).
In concentrations of 0.6 mm, ammonium ions inhibit
ATP form-ation by 50 % (17). This results in a
reduction of CO. fixation within the chloroplast
(26). Although in low concentrations the ammonium
ion enhances electron transport in photosynthesis by
uncoupling p1-lotcphosphorylation, at concentrations of
6 nmi and greater it inhibits the reduction of ferri-
cyanide in the Hill reaction (11). Similar experi-
ments have also revealed that it inhibits the reduction
of NADI' (28).

Despite intensive investigatons oni the physio-
logical respotnses of plants to ammonium nutrition,
very little has been done to relate such responses to

1 Part of a thesis submitted by the senior anit-ior to
the University of Massachusetts in partial fulfillment
of the requirements for the M.S. degree, September,
1966.

2 Present address: Department of Forestry and Rural
Development, Forest Research Laboratory, Victoria,
B.C., Canada.

morpho'ogical changes. The symptoms of ammoniumii
toxicity suggest that morphological changes mighlt
occur in the chloroplasts. Chlorosis of plants treatecl
with ammonium has been reported to occur in con-

junct.on with an imbalance between the soluble and
insoluble nitrogen compounds (4). Chlorophyll syn-
thesis has been shown to be dependent on protesn
synthesis (16). Within the leaves of higher plants,
the majority of proteins are chloroplastic (19. 35)
and exist in a state of turnover. The (proteins of
chloroplasts are found in the stroma and in the co;vi-
plex system of lamellar memnbranes of lipoprotein
(31). The organization of the lamel]ar network of
the chloroplast is dependent on the cellular environ-
ment of the leaf (7, 14, 20, 24), particularly the nu-

trient composition. It was felt that an ultrastructural
examination of the clhloroplasts of plants treated with
ammonium would provide an indication of the mor-
phological aspects of ammonium toxicity and permit
further correlation between morphological features
and physiological symptoms of ammonium toxicity.

Materials and Methods

Tomato plants (Lycopcrsicon escdlenthm Mill., cv.
Heinz 1350) were chosen for this study because they
deve'op ammloniumn toxicity symptoms rapidly and
sequentaliv. Seecds were sown in flats of soil, and
the seedlings were grown for 5)weeks in a greenhouse.
The vcung plants were then tranisplanted into 8-inch
l'astic pots containiing a 1:1 mixture of coarse and
f:ne silica sand ancl were treated with Hoagland's.
No. 1 nutrient solution (12) for 15 days. At the
end of this period, the p'ants were randomly (livided
into 2 groups to be treated with NH4, or NO,-. The
root medium of the group to be treated with ammnno-
niuni was washed with the amnmonium nutrient solu-
tion, which was supplied as a modified Hoagland's
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PLANT PIHYSIOLOGY

soluitioin with all the nitrogen aNs(NH )2SO4. The
other gyroup was retained oIn the Hoaglanld No. 1
solution and was termecl the nitrate or control group.
Solution's wNere applied tw ice daily at 250 ml per
culture. 'rhe minor element solutions of Hoagland
and Arnon (12) were used to supply micronutrients.
Experimenits were conducted in April, June, and July,
1966, in which ammonium was applied for 28. 20, and
12 days respectively.

Photosynthesis and respiration measuremiients were
determined oIn a Gilson Differential Respirometer.
Small leaves were selected from the second largest
branclh fr-om thie tops of plants and were placed in
15 mil Gilson reaction vessels containing 5 mil of 0.2 M
trs. solution adjusted to pH 7.2 with 0.1 _N HCI. A
conlstanit atimiosphere of I % CO. in air was obtained
by placing 0.6 ml of Pardee buffer in the center well
of the reaction vessel (cf 27). Oxygen evolved
dturing photosynthesis was measured at 10-minute
intervals over a 60i-mintute period. During this inter-
val the reaction vessels were shaken in a Nater bath
at 250 and illumnated frolmi below Nwith a light inten-
sity of 1000 ft-c. Dark respiration, in terms of O.
consumption, was measured at 10-miilute intervals
over a 30-minute period after photosynthesis.

Soluble nitrogen constituents were extracted by
homogenizing 5 g or 10 g of leaf tissue in 70 %
(v/v) ethanol, filtering by suction, and washing
several times with 70 % ethanol. Ammonitum and
amide fractions of the ethanol extract w ere deter-
minie(d by a modified Kjeldahl miiethod ( 3 ). The
chlorophyll content of the leaves was determined by
the mlethod of Arnon (1) using a wavelength of
652 mM.

Leaf sections for the ultrastructural exataminiations
were selected from the middle of the leaf samples,
cut 1 mm2 and fixed in unbuffered 2 % (w/v)
KMnO4 for 20 minutes at room temperature. The
Ltuft (18) procedure for dehydration and embed(ling
was followed. The sections were embeddled in a 1:1
mixture of Epon A to Epon B, polymerized at 600
for 24 hours and sectioned with a diamond knife on
a Porter-Blum microtome (Servall MT-1). The sec-
tions were collected onl 200-mesh formvar-coated
copper grids and examined with a Carl Zeiss EM-9
electron microscope.

'rall)le 1. 7'lie I'ffec ts of .-min mio i aii(111(1 Nitrate
Nutittio oiitmit /lpren(rit O,Xvyen Evolution

b!' To in (ito aeav.e

\Vrithini columns, LSI ).,,, 0.72 for July series and
0.30 for June series and LSD.( - 0.97 for July series
and 0.40 for Julne ce;ric. All values are miieans of S
samples.

Julv series
treatnment

NH4+
NO.,-

Junie series
treatment

NH4+
NO:,-

Days afttr initiationi of
amimloniumtl treatmenit

2 5 8
,ul O., 10 uini-I g-, fr

106a* 112a 134a
141a 132a 209ab

10
wt

75a
2591

D)av s after initiation of
amiilloniumni treatmiienit

13 15 17
,uI 0., 10 mii1 g-1 fr xvt

86b 631) -8'i
163ah 1&91) 173ab

12

109a
2631

19

15i
149a

* WVihin rows, nicalls lot followcd by the same letter
arc significantli differenit at tlhl- 5 % probl)ability
ILvel.

Respiratory Oxygen, Consumniptionl. Initially the
leaves from the plants treated with ammoniumii showed
a respiratory rate equal to that of the control plants.
After 8 days of treatmiient, the O. consumptioni rate
of the leaves fromiplants treated wN-ith amllmonium
increased 26 % oxer the respiratory rate of the con-

trol plants ( table IL). The rate of O., consumption
then declined wvith further treatmlent until it levelled
off after 13 days of treatment.

Clilorophl-11 Conitenit. Rapid and consistent losses
of chlorophyill w-ere slhown by the series ran in June
and July (table III). Agreement is found between
the first losses of chlorophlyll, accumulation of ammllo-
nium and amides, and decline in photosynthetic rate.

Table II. Thec Effceets of .4A ninioniiinii NutritionI oni the
Appareit Oxygeni Coiisumiptio)i by Toniiato Leaves
WN'ithin columiins, LSD.5 - 0.19 for July series and

0.21 for June series anld LSD.1 - 0.25 for July series
anI( 0.28 for Junile series. All values are meanis of 5
samples.

July series
treatment

Results

P/iotosyn thetic Oxyvgen Evolit iOI. Ammlioiiuiii
nutrition restricted the rate of net photosynthesis
(table I). Two days after initation of the treatmiient
with ammiiiloinium, net photosynthetic O. evolution rates
were niearly 30 % less thani those of the nitrate con-
trols and continiued to be lower throughout the experi-
ment. Values near the compensationi po.nt Nvere

reached after 17 and 19 days of treatmleint. As seeni
below, the decreases in photosynthesis were niot accom-
pan ed by any large inIcreases in respiration).

NH4+
NO.-

Jutiie serics
treatlmient

NH4-
NO.-

Days after iniitiationi of
amimonliuIml treatmilent

2 5 8
JA O., 10 Illim 11 g 1

70a* 64a 123c
73a 701 971)

10
fr wt
103I)c
99b

Days after initiation of
ammllolniumii trcatmlent

13 15 17
ul 0., 10 mn-I g-- fr xvt
5Qa 62a 70a

1061) 88a 89a

12

83al
921

19

r5a
lOOb

* WN'ithinl r-ows, means nlot follow d by th2 same letter
are signlificantlytliffercnit at the 5 % probability
level.
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PURITCH AND BARKER-TOMATO LEAF CHLOROPLASTS DURING AMMONIUM TOXICITY
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FIG. 1. Chloroplasts (C) from plants 3 days on ammonium treatment. Plants appear similar in position and
structure to control plastids, X 5,546.

FIG. 2. Chloroplasts from 10-day ammonium treated plants. Note the occurrence of vesicle-filled plastids (VP)
among the normal plastids (C). Grana (G) still appear structurally intact. Appearance of grana-fret compo-
nents within the cytoplasm shows evidence of plastid disruption, X 8,002.

FIG. 3. D)etails of a chloroplast from a 10-day ammonium treated plant. Compartments (CO) are greatly
swollen and loculi (L) can be seen opening into frets, X 33,480.

FIG. 4. Plastids from a 17-day ammonium treated plant. The chloroplasts are rounded in contour and appear
widely spaced from each other, X 6,255.

FIG. 5. Chloroplasts from a plant 20 days on ammonium treatmenit slhowinig reduction in granal number and
swollel conmpartment number, X 17,800.

Insert

1231

4.

w

.4
s

..f li A

:.4 .4

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/p
lp

h
y
s
/a

rtic
le

/4
2
/9

/1
2
2
9
/6

0
9
1
0
5
8
 b

y
 g

u
e
s
t o

n
 2

1
 A

u
g
u
s
t 2

0
2
2



PURITCH AND BARKER-TOMATO LEAF CHLOROPLASTS DURING AMMONIUM TOXICITY
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FIG. 6. Chloroplast from the cells of an ammoniuni treated plant (28 days onI treatment) with a protrusion (P)

extending from the plastid membranie, X 22,240.
FIG. 7. Mitochondrial-like protrusion (P) extending from the plastid memnbranie of a chloroplast from ani am-

monium treated plant (21 days on treatment), X 8,757.
FIG. 8. Chloroplast from an ammonium treated plant (28 days on treatment) showiing absence of granal organ-

ization. The plastid membrane (M) appears continuous with the granal lamellae system, X 15,012.
FIG. 9. Chloroplast from animonium treated plant (28 days on treatmelnt). The granal components (G) are

swollen and the frets (F) are evidenit as tubules or vesicles. Normal appearing mitochond(Iria (MIT) surround
the plastid, X 15,012.

FIG. 10. Disrupted chloroplast from a 28-day ammonium treated plant. Plastid memlbranie is broken ani(I the
grana-fret coIm1poInenlts (G-F) are vesiculate(I anld dispersed tflrouiglhout the cytoplasmii (CY), X 12,788.
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PURITCH AND BARKER-TOMATO LEAF CHLOROPLASTS DURING AMMONIUM TOXICITY

Table III. The Effects of Amwillo;iiumt antd Nitrate Nutrition otl the Chlorophyll Coiitenit of Tomiiato Leaves

Withlini columniiis, LSD.o5 = 0.40 for June series alnd 0.48 for July series and LSD.01 = 0.53 for June series and
0.64 for July series. All values are means of 5 samiples.

June series
treatment Days after initiation of ammonium treatment

1 4 6 7 9 11 13 15 17 19
mg chlorophyll/g fr wt

NH4+ 1.93d* 2.01d 1.32c 1.57c 0.81b 0.73b 0.94b 0.74b 0.43a 0.28a
NO,- 1.66a 2.52b 2.75b 2.59b 2.66b 2.90b 2.91b 2.59b 2.76b 2.63b

July series
treatment Days after initiation of ammonium treatment

2 5 8 10 12
mg chlorophyll/g fr wt

NH4+ 2.37b 2.51b 2.51b 1.47a 1.40a
NO 2.54a 2.48a 3.54b 3.37b 3.50b

* Within rows, means not followed by the same letter are significantly differenit at the 5 % probability level.

After 19 days of treatment, nearly 90 % of the
chlorophyll was lost from the leaves.

Amnmitoniumlll and Amide Contents. The patterns of
ammonium and amide accumulations are shown in
table IV. Only the June series is presented since
there was little difference between the 2 series ana-

lyzed. Differences in ammonium aecumulation be-
tween plants treated with ammonium and nitrate
occurred 4 days after the initiation of the ammonium
treatment. These differences became larger as time
progressed. The accumulation of amides was similar.

Chloroplastic Ultrastructure. Selected micrographs
from the series of experiments are shown in figures
1 to 10. During the first 10 days of treatment,
plastids from leaves of plants receiving ammonium
were not detectably different from plastids of plants
treated with nitrate (fig 1). However, sections from
leaves of plants treated for 10 days with ammonium
in the Apriil series showed vesicle-filled plastids inter-
spersed among normal plastids (-fig 2). These
vesicles developed from the fretwork. The grana

appeared to be relatively unaffected by this vesicula-
tion since they maintained their structural integrity.

Some of the plastids appeared broken, and lamellae
were scattered throughout the cell. The effect on

chloroplastic ultrastructure after 10 days of ammo-

nium treatment was similar in the June series.
Vesicles were not apparent although the p!astids
showed structural modifications such as swollen com-

partments, reduced grana and disrupted frets (fig 3).
Micrographs from plants under ammonium treat-

ment for longer than 10 days revealed further struc-

tural alterations. The plastids no longer appeared
abutted to each other but were widely spaced and

dispersed within the cell (fig 4). Some comnpart-
ments of grana were lost, and others had expanded
loculi (fig 5). After 20 days of ammonium nutri-

tion, marked differences in chloroplastic organization
vere evident in all specimens observed. The chloro-
plasts appeared to have a rounded contour as opposed
to the rectangular or spindle shape of the plastids of

contrdl plants. The chloroplastic membrane some-

times formed small protrusions (figs 6, 7) and in a

few cases appeared broken. Some plastids illustrated
a continuity between the chloroplast membrane and
the granal lamellar syistem (fig 8). Although the

Table IV. The Effects of Amiimonium and Nitrate Nutrition oni the Concentration of Animnoniuni aind Amide
Nitrogen in Tomato Leaves

Within columns, LSD.o0 = 0.11 for ammonium and 0.07 for amide nitrogen and LSD.01 = 0.14 for ammonium
and 0.09 for amide nitrogen. All values are means of 3 samples.

Ammonium-nitrogen
June series
treatment Days after initiation of ammonium treatment

1 4 6 7 9 11 13 15 17 19
mg nitrogen/g fr wt

NH4+ 0.09a* 0.13ab 0.21abcd 0.20abcd 0.33d 0.17abc 0.33d 0.23bcd 0.26bcd 0.27cd
NO3- 0.08d 0.05bc 0.03a 0.06c 0.04ab 0.06c 0.06c 0.03a 0.05bc 0.03a

Amide-nitrogen
Junie series
treatment Days after initiation of ammonium treatment

1 4 6 7 9 11 13 15 17 19
mg nitrogen/g fr wt

NH4+ O.lla 0.20abc 0.l9abc 0.15ab 0.24bc 0.19abc 0.16ab 0.28c 0.24bc 0.18abc
NO3- 0.08b 0.12c 0.07b 0.08b 0.07b 0.07b 0.08b 0.06a 0.06a 0.09b

* Withini rows, means not followed by the same letter are significantlv different at the 5 % probability level.

1235

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/p
lp

h
y
s
/a

rtic
le

/4
2
/9

/1
2
2
9
/6

0
9
1
0
5
8
 b

y
 g

u
e
s
t o

n
 2

1
 A

u
g
u
s
t 2

0
2
2



PLANT PHYSIOLOGY

plastids contained grana, they xvere comilmonily dis-
torted due to swollen compartments ( fig 9). In
contrast to the control plants, the plastids of the

plants treatedlwith ammoniuml were marked by an

absence of large grana. Only 1 % of the injutred
plastids obser-ed contained grania wkith greater than
20 compartments, the average number per granunii
being approximiiately 5. In mlore extremiie cases, the

g,rana completely lost their orientation itllin the
plastid anid appeared as a dispersed lamiiellar system,
(fig 8) or as various sized vesicles (fig 10). The
fretwork showed a reduction and was typically swollen
into vesicles and tuibules ( fig 9).

Discussion

It is evident that ammlloniumii nutrition altered the
physiological mechanisms of the tomato leaf and dis-
rupted its imiorplhological organization. The sequlenl-
tial stud(ly of the effects of ammonium nuitrition
permits an exaluation between the physiological dis-
orders and the morphlological alterations as well as a

correlation of both of these factors with the functional
capacity of the leaf.

One of the characteristic signs of ammoniui
toxicity is the yellowing of the leaves (5, 10, 15. 30).
The results of the chlorophyll determinations in this
investigation indicate that the chlorophyll content of
the leaves was reduced very early after the initiation
of ammoniuilm treatment and continued to decline with
increasing time on ammonium nutrition. The rapid
chlorophyll loss might 'be explained by an effect of
ammonium toxicity on the biosynthesis of chlorophyll
(6, 9, 16, 32,33).

The initial loss of chlorophyll froml leav-es of

plants treated with ammoniumll appeared to exert little
effect on the chloroplastic ultrastructure although it
may have done so after further loss. In any\, case,
a severe d:sruption of the morphological placement and(
internal organization of the chloroplasts occurred
under ammiioniuml treatment. The chloroplasts from

the leaves of plants treated with ammonium typically
showed a lack of orientation in relation to the cell

(fig 4). In cointrast, the chloroplasts of the control

cells were closely appressed to the cell wall and tightlv
abutted to each other. lThe chiloroplasts in leaves
injured with ainimoniuii were often round in section
and frequently had small protrusionis extending from
the plastid miiembrane (figs 6,7). Possinghaiii et al.

(24) reportedl simiiilar protrusions on the chloroplasts
of manganese-deficient spinach and(l attributed the
protrusions to the reduction of the frets. The granal
component of tlle chloroplast was modified by ammo-
nium niutrition. The number of compartmlients p)er
granum was greatly reduced anid in certain cases tlle
grana were absent (fig 8). In more extremle in-

stances, breakclown of the chloroplast was observable
with vesiculation of botlh granal and fret comllponents
and disruptioni of the plastid membrane (fig 10).
Plastid breakdown could perhalps restult in a large

increase in soluble nitrogeni comiipounids such av wxxas
observed wN-ith Phaseolhis zldyaris (4).

Photosyinthesis was restricted by aninoniuim tox-
icitv. 'I'he concentration of anmmonium lin the leaves
xwas sufficientlv high to uncouple photophosphorvlation
(2, 17,26) and to inhibit NAI)P reductioni ('28).
Reduced photophosphlorylation may lhave lowx ered the
energy available for proteini svnthes s andl restrictedl
net protein synthesis. Plastid breakdovn may liave
occurred as a result of the lower proteini synthesis.
Uncoupling of electron transport in photosynthesis
may also have resulted in disruption of the substruc-
tural organization of the plastid (13, 21, 22). It has
been determ.ined that electron transfer reactions in
cyclic and noncyclic photophosphorylat on are respon-
s:l]le for meclhanochenmical clhanges in the chloroplast.c
membranies (22). Measurements of the scatterillg
of light by isolated, intact chloroplasts showed that
conditions of electron transport and p.hosphorylatioln
such as induced by light, or addction of ATP cauised
a contracton of the plastid (21). Under these con-
ditions the plastids appeare(d as long spindles or cres-
cents ( 13). When phosplhorylation was interrtupted
by an utncoupler, e.g., ammonitllum, or by removal of
the light source, the chloroplast s,welled and became
ellipsoidal (13, 22). Uncoupling of phosphorvlation
from the electron transport system led to swelling
and disruption of the grana-fret network (14).
Structural changes of these chloroplasts resembled
those of the chloroplasts injured by ammiloniuimi.

A nother possible meclhanism of ultrastructulrial
breakdowsn of the chloroplast under ammoniuim nuLtri-
tion is the disruption of memnbrane structure thl-oughl
constant loss of chlorophyll. The chlorophyll mlole-
cules are a component part of both the grana and the
fretwork of the chlioroplast. The molecules are ulni-
formlv distribute(l throughlotut the lamellar structulre
of the chloroplasts, hut chlorophiyll may be ImloIre
evident in the grana regions because of their highlecr
numbe,r of chlorophyll-containing lamiellae (23). In
viewv of the fact that the chlorophylly1molecules are
nt:nmatelv linked with the metibranous componlenit of
the grana-fret network, uinder constant chlorophyll
lo;s the cWl'oroplastic ultrastructure might be d:s-
rUhpted. Much of the loss of chlorophyll may be

associated Nvith loss of grcanal lamellae.
A third possibility for the structural lmlodificcations

of chloroplasts i nj ured 1y animonium is (derangenmelnt
of protein metabolism. \Aork xvith pole beans estab-
irslhed that amilmoniuim nutritioln caused a reductioln in

syrnthesis of insoluble nitr-ogeni compounds in leaves
(4). Use of 1'N also revealed that ammiiiioniulm
treatlmienit cause(l a large increase in the soluble
amino acids at the expense of endogenous sources

(4). Sin-ce chloropla.dts contain as iiutichl as 70 %
of the leaf protein (35) aind chloroplastic protein
utndergoes a very rapid turnover rate ( 25 ). it a1ppeatr.S
that altered protein metabolism miglht exert its m1an
effect on the chlioroplast. The high turnover- rate of
chloroplastic proteins when coupled with (lecrease(l
protein s-syntlhesis w-ould easily imianifest an allteration
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PURITCH AND BARKER-TOMATO LEAF CHLOROPLASTS DURING AMMONIUM TOXICITY

in structure and function on the chloroplasts of treated
plants. Continued degradation without net synthesis
would lead to intensive structural breakdown of the
plastids and cessation of their phyisiological processes.

Respirationi may be similarly affected by altered
protein metabolism. Wheni nitrate is used as a source
of nitrogen it may partially replace 02 as the terminal
acceptor of electrons during respiration. Ammonium,
on the other hand, will not accept electrons with the
result that 02 wvould be the major acceptor. This
possibly accounts for the greater degree of 02 con-
sumption in the leaves after 8 days of ammonium
nutrition. Later as treatment with ammonium con-
tinues, the altered protein metabolism described above
may affect the enzymes of the respiratory cycle re-
sulting in a decreased respiration rate.
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