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ABSTRACT

The amino acid composition of endosperm cavity sap and of sieve tube
saps from the flag leaf, peduncle, rachis, grain pedicel, and grain were
determined for wheat plants just past the mid-half of grain filling. On a
mole percent basis, glutamine accounted for almost half of the amino
acids in sieve tube sap from the peduncle and ear. Other protein amino
acids, plug y-aminobutyrate, were present in varying, but mostly low (a
few mole percent) proportions. The amino acid composition of phloem
exudate resembled that of the mature wheat grain. The proportions of
amino acids in the endosperm cavity were generally similar to those of
the sieve tube sap supplying the grain. Cysteine, however, while virtually
absent from sieve tube sap, comprised 1 to 2 mole percent of amino acids
in the endosperm cavity, suggesting it is transported in a different form.
Also, alanine and, to a lesser extent, glutamate were relatively more
prominent in endosperm cavity sap than in the sieve tube sap. Thus,
while most amino acids were more concentrated in the sieve tube sap
than in the endosperm cavity sap, alanine and glutamate appeared to be
moving from the sieve tube to the endosperm cavity in the absence of, or
perhaps even against, their concentration gradients.

Assimilate movement from the sieve tubes into sink tissues is
often presumed to occur by simple diffusion along concentration
gradients. However, there are presently no direct measurements
of solute concentration and composition along the phloem trans-
port and associated pathways leading to sink tissues. Such meas-
urements are essential to understanding the role of gradients in
driving transport and the possible role of metabolism during
transport, to identifying possible control points and in formulat-
ing mass balance sheets to describe the process. Owing to the
number of compounds involved, these questions are particularly
difficult to address where nitrogen transport is concerned. Diffi-
culties in obtaining samples along the pathway, whether from
the sieve tubes or from other locations, have been an even more
severe limitation. Comparative data on sieve tube exudate and
sink composition have provided useful insights into relationships
between the two (27, 28). By judiciously combining these with
other measurements on lupin, Pate (18) and his coworkers have
developed the most thorough analysis available of the nitrogen
and carbon economies of a developing sink.

Unfortunately, phloem exudate usually cannot be collected
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from most plants, especially from crop species. Among the
cereals, rice is a significant exception. Japanese investigators have
succeeded in collecting (10) and analyzing (6, 7) the contents of
sieve tube exudate from the severed stylets of phloem-feeding
leafhoppers and planthoppers. Phloem exudate has also been
obtained from wheat by Simpson and Dalling (23) and from
barley by Tully and Hanson (26); both studies employed the
EDTA exudation technique in collecting phloem sap from ex-
cised leaves.

The apoplastic space between maternal tissues and the devel-
oping embryo has provided another point at which samples may
be obtained along the pathway to a sink. This has been accom-
plished for legumes (reviewed by Thorne [25]) and for corn (21),
although concentrations have not been obtained, and for cereal
grains (8, 9, 22), where the collection of endosperm cavity sap
allows concentration measurements. To date, however, it has not
been possible to obtain samples from both points (sieve tube and
parent-embryo interface) in the same plant for the purpose of
evaluating transport-associated gradients.

In combination with endosperm cavity sap collection, the
collection of sieve tube exudate from broken grain pedicels (4)
and from severed aphid stylets (3) established on wheat plants
has recently provided a flexible means of sampling the transport
pathway during grain filling in wheat (4, 5). In those studies, the
compositions of the transport fluids were assessed in terms of
sucrose, glucose, potassium, and total amino acids. The object
of the present study was to provide a more detailed analysis of
transport gradients along this pathway in terms of individual
amino acids. This information is relevant not only in terms of
nitrogen transport, including comparisons between the compo-
sitions of the assimilate stream and the grain, but also yields
useful comparisons of the relative concentrations of anionic,
cationic, and neutral compounds along the pathway, thus pro-
viding insight into the possible role of electrical gradients as well
as concentration differences in driving transport.

MATERIALS AND METHODS

Plants, Aphids, and Sample Collection. Except for some minor
differences, the growth of plants and aphids and the collection
of sieve tube and endosperm cavity sap samples were as described
in the accompanying paper (4). Most stylet exudate samples,
however, were collected from stylets exuding in air. Due to the
slow flow rates (about 50-100 mi h™' stylet™'), the exudate
quickly dried to a tacky glass. After about 5 h of illumination,
the exudate was washed off and discarded. Fresh exudate was
allowed to accumulate on the epidermis for several hours during
the latter part of the illumination period, following which it was
collected in a small volume of water and dried on a silanized
microscope slide. Grain pedicel phloem exudate, collected under
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mineral oil, was also dried on silanized microscope slides. The
dried exudate was washed with toluene to remove adhering
mineral oil.

Endosperm cavity sap was collected from several grains and
the pooled sample was ejected under mineral oil where the
droplet diameter was measured at x50 magnification for calcu-
lation of its volume. Ten ul of water were added, mixed well,
and the sample was drawn into a disposable micropipet and
frozen until analysis.

Comparison of Stored and Frozen Samples. For stylet exudate,
a large number of exuding stylets (about 30) were established on
a peduncle and the ear was removed. Exudation was allowed to
continue for 20 min, after which the exudate was collected, dried
on a silanized microscope slide, and stored at room temperature
(22°C) for 3 d. After collecting the first exudate sample, the
terminal 5 cm of the peduncle, including the exuding stylets, was
submerged in mineral oil. Exudate accumulating during the next
20 min was collected in a fine-tipped pipet and immediately
frozen.

For comparison of endosperm cavity sap samples, the cavity
contents of several grains were collected during a 10 min interval,
mixed thoroughly under mineral oil, and divided into three
roughly equal droplets whose diameters were measured. One
droplet was dried on a silanized microscope slide and stored at
22°C for 3 d. The second and third droplets remained under
mineral oil for an additional 3 h, one at 25°C and the other at
0°C. After the incubation period, the droplets were diluted to an
appropriate volume for analysis (see below), drawn into dispos-
able micropipets, and frozen.

Amino Acid Analysis. Samples were first diluted to a total
amino acid concentration (10-100 mmM) that was suitable for
analysis. For endosperm cavity sap samples, the total amino acid
content could be estimated adequately from the sample volume
(4). Dried stylet exudate samples were dissolved in a small
volume of water and ejected under mineral oil. Their osmolality
was determined cryoscopically with a nanoliter osmometer and
their volume by calculation from the droplet diameter. Amino
acids were assumed to account for 25% of the osmolality (2),
and dilutions were made accordingly. For analysis of amino
acids, the sensitive dual-label dansylation method was used, in
which the sample is “spiked” with '*C-labeled amino acids,
reduced and carboxymethylated to protect cysteine, then reacted
with [*H]dansyl chloride. Individual dansyl amino acids were
then isolated by two-dimensional TLC and determined via their
3H/'“C ratios. The published procedure (15) was modified in
several ways. TCA extraction was dispensed with, the sample
solution being reduced/carboxymethylated directly. Reaction
volumes were decreased to 20 ul, and LiHCO; buffer (24) was
substituted for NaHCO;, which allowed direct spotting of the
dansylation mixture without prior cleanup on Porapak resin.

RESULTS

Sample Stability. The amino acid composition of samples
given different treatments designed to evaluate sample stability
are presented in Table I. The stylet exudate and endosperm
cavity sap were obtained at 28 and 21 d post-anthesis, respec-
tively. (Under our conditions, grain filling was complete in about
40 d). There was virtually no difference in amino acid composi-
tion resulting from holding dried samples at room temperature
for 3 d. (Tryptophan was not detected in the dried cavity sap
sample, but almost none was present initially.) Even the incu-
bation of liquid endosperm cavity sap for 3 h at 25°C did not
noticeably affect its amino acid composition.

Amino Acid Compositions Along the Transport Pathway. In
two experiments, data were obtained for three points along the
sieve tube pathway (flag leaf, peduncle, and grain pedicel) and
for the endosperm cavity sap of grains from the same plant
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(Table II). While the flag leaf samples showed a substantial
number of differences between experiments, sieve tube exudate
obtained from near or within the ear (peduncle, grain pedicels)
were similar in composition. Glutamine accounted for almost
half of the amino acid content in exudate samples in or near the
ear (grain pedicels and peduncle; also, see Tables I and III).
Serine was next in importance, with most other protein amino
acids accounting for about | to 5% each of the total. The sulfur
amino acids, cysteine and methionine, were virtually absent, and
the aromatic amino acids were also generally quite low. Proline
and the non-protein amino acid y-ABU?® were consistently pres-
ent at low levels (less than 1%). Between the flag leaf and ear,
only glutamate and glutamine showed reasonably consistent
differences. They showed an inverse relationship, with the mole
percentage of glutamine increasing in the direction of transport
and glutamate decreasing.

On a mole percentage basis, the main features of the endo-
sperm cavity sap composition (Table II; also, see Table I) were
generally similar to those of the sieve tube exudate supplying the
grain, However, cysteine, virtually absent from sieve tube exu-
date, consistently accounted for 1 to 2% of the total amino acids
in endosperm cavity sap. Alanine accounted for about 20%, a
much higher proportion than in sieve tube sap (about 5%). Less
notable differences appear for glutamate and proline (as for
alanine and cysteine, they were relatively more prominent in the
endosperm cavity) and for threonine, valine, and isoleucine
(relatively more abundant in the sieve tube).

The molar ratio of carbon to nitrogen for the total amino acid
fraction in both the sieve tube exudates and endosperm cavity
sap samples was consistently close to 3.0 (a weight ratio of 2.6
mg C/mg N).

The more detailed analysis of gradients along the final portion
of the sieve tube pathway in the ear and within the grain itself
likewise showed little or no indication of composition differences
along that part of the pathway (Table III). These samples were
obtained from cv Gigas rather than SUN 9E (Tables I and II).
However, aside from relatively more glutamine and less serine
in the Gigas exudate, the amino acid compositions of Gigas and
SUN 9E phloem exudates were quite similar.

DISCUSSION

Due to the small amounts of exudate obtainable, and to the
labor involved in their collection and assay, replicate samples
were not taken within an experiment. Nevertheless, the low
variability of the analytical procedure, as evidenced in the data
of Table I, together with the consistency of the major trends
noted, allow confidence in the conclusions reached.

With the exceptions of asparagine, glutamate, glutamine, and
glycine, the relative concentrations of the individual amino acids
reported by Simpson and Dalling (23) for wheat flat leaf phloem
exudate are in general agreement with our values for aphid stylet
exudate. Those workers used EDTA to stimulate phloem exu-
dation, and ignored the presence of substantial proportions of
phenylalanine and tyrosine in calculating their results, a judg-
ment supported by our finding of quite low proportions of those
amino acids in stylet exudate. The fact that their exudate samples
were collected from excised leaves of plants grown under nitro-
gen-limiting conditions may account for the differences noted,
especially in glutamate and glutamine content. At the midpoint
of grain filling (their 15-d samples), their ratio of glutamate to
glutamine was about 7:1. This had nearly reversed, to about 1:3,
by the later stages of grain filling. The increased preponderance
of glutamine toward the end of grain filling has also been noted
in stylet exudate collected from the peduncle (2).

Comparisons of phloem exudate from other cereals are avail-

3 Abbreviation: y-ABU, y-aminobutyric acid.
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Table 1. Stability of the Amino Acid Composition of Endosperm Cavity Sap and Peduncle Stylet Exudate
Samples Subjected to Various Treatments afier Collection

After collection, the samples were divided under mineral oil into three (cavity sap) or two (stylet exudate)
nearly equal volumes and treated in the manner indicated. Stylet exudate was obtained from a plant 28 d after
anthesis, and endosperm cavity sap from a plant 21 d after anthesis.

Endosperm Cavity Sap

Peduncle Stylet Exudate

Amino Acid
0°C,3h 22°C,3h Dry, 22°C, 3d Frozen Dry, 22°C, 3d
mol %
v-ABU 0.4 0.5 0.5 0.3 0.3
Ala 19.4 204 18.5 24 3.2
Arg 0.9 1.0 0.9 0.1 0.2
Asn 35 38 3.7 33 33
Asp 1.1 1.0 1.1 1.3 1.6
Cys 1.9 1.4 1.6 <0.05 <0.05
Gln 43.1 43.2 45.8 51.5 49.9
Glu 1.5 1.5 1.7 24 2.6
Gly 2.7 2.6 2.7 1.2 1.3
His 0.8 0.5 0.8 1.4 14
Hse 0.2 <0.05 <0.05 <0.05 <0.05
Ile 1.0 1.0 0.9 34 3.5
Leu 1.0 1.2 1.0 3.6 35
Lys 2.8 2.8 2.8 2.7 2.6
Met 0.6 0.9 0.9 2.3 2.2
Phe 0.4 0.5 0.3 4.7 4.7
Pro 0.2 0.3 0.2 0.1 0.1
Ser 13.9 12.6 12.1 6.0 6.5
Thr 2.5 2.5 2.5 4.9 5.0
Trp 0.1 0.1 <0.1 0.5 0.6
Tyr 0.3 0.3 0.2 1.9 1.8
Val 2.0 1.9 1.9 6.0 5.6
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Table II. Amino Acid Compositions of Sieve Tube Saps Along the Pathway from the Flag Leafto Developing Wheat Grains, and of Endosperm
Cavity Sap Collected from the Grains

In each case all of the samples were obtained from a single plant.

21 d Post-Anthesis

25 d Post-Anthesis

Amino Acid i i
Flag leaf Peduncle p(e;;?;:l Eng:jﬁ:l m Flag leaf Peduncle pGedrzil(l:Zl Eng:\fﬁ;m
mol %
v-ABU 0.5 0.2 0.5 0.6 0.5 0.2 04 0.5
Ala 6.4 6.2 4.5 219 14.5 6.7 4.6 17.3
Arg 23 4.6 2.7 1.3 1.7 33 33 2.1
Asn 4.0 3.7 24 2.3 1.9 39 34 23
Asp 3.8 2.5 6.5 2.1 4.1 1.9 0.4 2.5
Cys <0.05 <0.05 <0.05 1.3 <0.1 <0.1 <0.1 1.3
Gin 33.7 42.1 48.6 434 27.0 50.7 48.6 36.5
Glu 9.1 2.6 1.1 38 16.1 1.7 0.9 53
Gly 0.8 2.8 3.2 34 4.0 2.0 23 30
His 1.3 1.5 1.1 0.5 0.4 1.0 1.2 0.9
Ile 43 3.0 1.9 0.8 1.6 2.8 25 1.4
Leu 5.6 2.8 1.6 0.9 1.7 29 1.8 23
Lys 35 34 23 1.8 1.5 2.6 2.6 22
Met 0.1 <0.1 1.0 <0.1 <0.1 0.3 0.5 0.7
Phe 3.0 2.2 1.4 0.5 1.0 1.4 1.1 1.1
Pro 0.5 0.3 0.1 0.5 0.9 0.5 04 1.9
Ser 7.4 9.5 10.9 10.7 13.6 6.0 16.3 12.6
Thr 39 4.8 5.3 24 5.8 57 5.2 2.6
Trp 2.0 1.8 0.6 <0.1 <0.1 0.9 0.1 1.0
Tyr 1.5 1.1 0.8 0.3 0.9 1.0 0.8 0.6
Val 6.5 5.0 34 1.6 29 4.5 39 1.9
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Table 1lI. Amino Acid Compositions of Phloem Exudates from the
Rachis, Grain Pedicels, and Grain Vascular Bundle of ¢v Gigas (28 d
Post-Anthesis)

All samples were obtained from the same plant.

Grain Vascular

Amino Acid Rachis  Grain Pedicel
Bundle
mol %
y-ABU 0.5 0.5 1.1
Ala 2.9 1.4 29
Arg 4.2 34 33
Asn 49 43 54
Asp 0.5 0.5 0.7
Cys <0.05 <0.05 <0.05
Gln 66.2 68.9 63.9
Glu 1.3 0.6 0.3
Gly 1.7 0.9 1.3
His 1.3 1.0 1.1
lle 1.4 1.9 2.3
Leu 0.7 1.2 1.6
Lys 24 1.8 2.1
Met 1.0 0.4 0.6
Phe 1.2 1.5 1.8
Pro 0.5 0.4 0.8
Ser 2.5 2.6 1.6
Thr 1.9 2.5 2.2
Trp 0.6 1.2 0.9
Tyr 0.6 0.7 0.7
Val 39 4.4 5.5

able only for rice (6, 7) and barley (26). In rice leaf phloem
exudate, also collected from exuding stylets, asparagine and
glutamine accounted for 30 to 40% of the amino acids, with
asparagine always more prominent than glutamine. Alanine was
substantially lower than in wheat exudate, and v-ABU was not
detected; the proportions of other amino acids were generally
similar. Analysis of barley leaf phloem exudate, collected by
EDTA-enhanced exudation (26), was less detailed. However,
glutamine, glutamate, serine, alanine, and aspartate were the
principle amino acids present, similar to their relative importance
in our wheat leaf stylet exudate.

Useful comparisons may also be made between the amino acid
composition of the assimilate stream supplying the grain and the
total amino acid content (free amino acids plus protein) of the
immature (1) and mature grain (12, 20). (Since there is a discon-
tinuity in the xylem between the grain and the rachilla {30], the
contribution of xylem transport should be negligible.) The high
glutamine plus glutamate content of wheat phloem exudate is
clearly reflected in the high percentage of the glutamate family
of amino acids in the grain. The proportions of histidine, leucine,
phenylalanine, tyrosine, and the sulfur amino acids appear to be
somewhat higher in the grain, while serine and perhaps threonine
are lower. The general impression gained from a comparison of
the assimilate stream and grain composition is one of overall
similarity, and this clearly applies to the proportions of total N
and K in their dry matter (2). However, the relative contributions
of phloem transport and subsequent metabolism to overall grain
amino acid composition remain uncertain. Grains of cultured
wheat ears grow normally with glutamine, asparagine, or
NH;NO; as sole nitrogen sources (19), and both the maternal
tissues surrounding developing seeds (13, 14, 17, 19, 21) and the
grain endosperm itself (11, 16) are capable of substantial amino
acid interconversion.

Only minor changes in relative amino acid content appeared
to occur along the sieve tube transport pathway from the flag
leaf to the grain, although the extent to which the total amino
acid content might change was not investigated. The only con-
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vincing change was in the increased amidation of glutamate.
Other differences detected along the sieve tube pathway, while
apparently real in a given experiment, were not consistent and
may have arisen from variations in the amino acid content of
different sieve tubes. The exuding stylets would have sampled
only a few of the several hundred sieve tubes in a leaf or peduncle.
Thus, differences between the flag leaves (Table II) may simply
reflect differences in leaf condition, but variations between sieve
tubes might be a contributing factor. Similarly, the composition
of grain pedicel exudate may provide a better indication than
that of stylet exudate of the overall assimilate supply to the
developing grains.

The absence of changes in the amino acid composition of sieve
tube and endosperm cavity sap samples, even when incubated
for extended periods at room temperature, demonstrates the
apparent inertness of these physiological fluids with respect to
amino acid metabolism after their removal from contact with
surrounding plant tissues, as found for other solutes and for total
osmolality (4). Thus, the present observations further support
the view that the endosperm cavity sap represents a basically
inert metabolic compartment whose major properties are deter-
mined entirely by the balance of water and solute influx and
efflux into and from surrounding tissues. This does not result in
an unchanging composition in vivo, however, as a substantial
range in the proportion of major solutes (sucrose, glucose, and
total amino acids) has been observed (3). Only the total solute
concentration remains fairly constant at 280 to 320 mosmolal
(about 7.5 bars osmotic pressure), although this, too, has been
observed to decrease appreciably in excised grains (DB Fisher,
unpublished data).

Of the amino acids present in the endosperm cavity sap,
alanine and cysteine showed the most pronounced differences
from the composition of the sieve tube sap supplying the endo-
sperm cavity compartment. The consistent presence of cysteine
in endosperm cavity sap, coupled with its near absence from the
sieve tube sap, indicates that it was transported in another form,
perhaps as glutathione. The relatively high proportion of alanine
in cavity sap may reflect a high transaminase activity in the
crease tissues, such as was recently reported for the pedicel-
placenta-chalazal region of corn (13).

While not determined directly in the present experiments,
approximate concentration gradients for individual amino acids
between the grain sieve tubes and the endosperm cavity may be
calculated from data obtained from similar plants (2, 4, 5). Those
experiments showed that amino acids accounted for about 25%
of the sieve tube sap osmoticum which, when compared with the
concentrations of total amino acids in the endosperm cavity sap
(4, 5), indicates a concentration ratio (sieve tube sap/cavity sap)
of about 2.3:1, with individual values (» = 16) ranging from
1.4:1 to 3.3:1. Since the mole percentages of individual amino
acids in the crease sieve tube sap and endosperm cavity sap were
similar, the relative concentrations of most amino acids in the
two would likewise be about 2.3:1. Alanine and glutamate,
however, are notable exceptions. Here (and for potassium [4]),
transport appears to be occurring with little or no overall con-
centration gradient or, especially in the case of alanine, perhaps
even against an overall gradient. Since these three solutes also
differ in electrical charge (cavity sap pH is about 6.5 [8]), their
movement across the crease tissues likewise appears to be inde-
pendent of any overall electric potential difference between the
sieve tube and endosperm cavity. The possibility of metabolic
interconversions complicates the picture for alanine and gluta-
mate. However, aside from the clearer example of potassium,
there is, in general, a lack of discrimination for or against the
transport of other anionic or cationic amino acids, indicating
that movement from the sieve tube to endosperm cavity does
not occur simply by free diffusion but, at least at some point
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along the pathway, must be metabolically dependent. A similar
conclusion has been drawn from the apparent lack of response
of grain filling rate to changes in the sieve tube-endosperm cavity
sap concentration gradients or to changes in endosperm cavity
sap sucrose concentrations (5). Metabolically dependent “phloem
unloading” has been demonstrated for Vicia stems parasitized
by Cuscuta (29) and for legume seed coats (reviewed by Thorne
[25]). In the case of Cuscuta, this appears to apply to the
movement of solutes from the sieve tubes themselves (29). How-
ever, since the pathway for solute movement into developing
seeds includes the parenchyma tissues of the crease (wheat) or
the seed coat (legumes), the sites of metabolic dependence are as
yet uncertain in those systems.
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