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Shoot growth of young tomato plants increases as
root temperature increases over the range 100 to
250 C (29, 38). When roots are subjected to a tem-
perature of 100 C, the growth rate of shoots ap-
proaches zero, even though the shoots are exposed
to normal greenhouse temperatures. Rapid shoot
growth due to increased root temperature is accom-
panied by increased concentrations of potassium and
phosphorus in the shoot. Concentrations of calcium
and magnesium reach maxima at approximately 200 C.
Similar variations in mineral concentrations are
found in a few other species (35), but are by no means
exemplary for plants in general (2, 23, 33, 39).

In the case of the tomato, it might be proposed
that reduced rates of mineral transport are responsible
for slow shoot growth at cool root temperatures. On
the other hand, slow growth might be due to the
depressing effect of cool root temperature on the
water absorption of plants. The rate of nitrate re-
duction has also been considered as a possible factor.

This paper reports experiments designed to ex-
plore the basic nature of this phenomenon. The evi-
dence is at variance with the above proposals. A
possible endogenous mechanism will be outlined in
the general discussion.

METHODS

SAND CULTURE: Seeds of the Improved Pearson
variety of tomato (Lycopersicon esculentum Mill.)
were planted in 8-liter glazed crocks containing pure
quartz sand and grown in the greenhouse until they
had true leaves about three centimeters long. Dur-
ing this period they were watered daily with nutrient
solution no. 2 of Hoagland and Arnon (19). A
chelated iron compoundl (sodium ferric diethylene-
triamine pentaacetate) was substituted for iron tar-
trate and used at the concentration of 5 ppm metallic
iron. This solution shall be referred to as Hoagland's
solution, and dilutions or concentrations thereof as
0.2, 0.4, and 2.0 Hoagland's solution.

Air temperature in the greenhouse fluctuated from
a constant night temperature of 180 C to a daily maxi-
mum of 350 C. Noon light intensity was about 5,000
ft-c. Daylengths varied from 11.5 to 13 hours.
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Cloudy days were not encountered. At the start of
the treatments, the crocks were placed in water baths
which were gradually brought to the desired tempera-
tures. Gravity drainage was provided for the crocks.

SOLUTION CULTURE: Seeds were germinated be-
tween sheets of blotting paper tilted to allow seedlings
to grow upright. Upon sprouting, the plants were
transferred to individual compartments of a single
tank. This procedure provided a common nutrient
medium, yet prevented root intertwining, and produced
uniform plants for experimental use.

When the sixth leaf of such a plant was about
three centimeters long, the plant was transferred to
treatment conditions. In treatment, each plant con-
stituted an experimental plot. The root medium for
each was an aerated solution in an individual glass jar
from which light was excluded. These jars in turn
were immersed in thermostatically controlled water
baths. The plant shoots protruded through corked
openings in the water bath covers. By this technique
the micro-climate around the shoot was kept inde-
pendent of the root medium temperature. Treatments
were replicated from 6 to 12 times.

The aerial portions of the plants were enclosed
under a single plastic-covered frame, through which
a constant air movement was maintained. The plas-
tic material permitted a light intensity of approxi-
mately 3,500 ft-c at noon. In experiments involving
humidity as a variable, this frame was divided by a
glass partition, providing two chambers for humidity
treatments which transected root temperature treat-
ments. The relative humidity at night approximated
70 % for all plants. Each morning, during experi-
ments which involved humidity, a differential of 15 %
in relative humidity was rapidly established between
the two chambers, and maintained until sunset. -The
relatively dry air of the greenhouse was blown un-
altered into one chamber. Into the other was blown
air which was drawn through moistened filter pads.
Air movement was extremely gentle in all cases. By
careful adjustment of the ventilation, the difference
in humidity could be maintained while providing a
natural cycling of illumination and air temperatture
which was uniform for all plants. Relative humidi-
ties were measured with an aspirator-type psy-
chrometer. In experiment IV, relative humidities
reached daily minima of about 40 % and 55 %, re-
spectively, for the low and high humidity groups.
In experiment VI, the corresponding minima were
35 % and 50 %.
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CHEMICAL ANALYSES: Slhoots and roots used for
analysis were dried at 710 C in a forced-draft oven.
The dried tissue wvas ground(I to pass a 40-meslh screen
of a \Viley mill. Total phosphorus was determined
by the metlho(d of Fiske and Subbarow (15) and
cations by flame photometry (6). Nitrate andCi solu-
ble phosphorus were determined from a 2 % acetic
acid extract of dried miiaterial as outlined by Johnson
and Ulrich (22). Nitrate, calculated on a nitrogen
basis, is referred to as niitrate-nitrogein (NO3 as N).
In experim11ents III an(l V, potassiuii was (determ11ined
froml the acetic acid extract. Analysis of the residue
slhowe(d potassium to be completely displace(l by this
metho(l. In experimiielnt IV (table II & III), the
phosphorus fractiol (lesigniate(l as insoluble phos-
phorus refers to the dliffer-ence between total phos-
plhorus anid the acetic acid-soluble friaction.

All analyses, performiiecl in (luplicate, are reported
on the drv weight basis. Unless otherwise qualified,
all treatlmient (lifferelnces citedI in the text are sig-
nificant at the 95 % or 99 C( level.

1E'XPERIMEEINTAL RE-Sul,TS

EXPE-RIMIENT I. Iiltc7raction of uitrition & root
temnperaturec: In an earlier sand(I culture experiment
(29), warm-rooted tomlato plalnts responded miiore to
aln increase(l level of pllospllorus thani did cool-roote(d
plants. At all root temiiperatuires, increase(l phos-
plhorus in the root miiediumii induce(d higher levels of
plhosplhoruis in the shoots. Thus, the phosplhorus level
in the slhoots of cool-rooted plants did not appear to
be the factor limiting their grow-th. Tt was deci(le(l
to miiodify this experimnenit by varying the nutrient
solution as a whole. Planits Nere grown in san(d at
three levels of nutrition, 0.2, 0.4. an(l 1.0 Hoagland's
solution, and( at two root temperatures, 180 and( 240 C.

Plants were thinne(d uniformly to three per crock,
and treatlmienits were replicatedl four tinmes. The ex-
perimental perio(I was 7 (lays. Tisstue was analyzed
for phosphorus and potassiumii.

The interaction nmentioned above wvas observed to
reoccur. Plants growing at a root tenmperature of
180 C did not respond to increased nutrielnt levels.
At 240 C they did. Plants growing in 1.0 Hoagland's
solution vere 30 (cJ greater in dlr weight than those
in 0.4 Hoagland's solution, and( 60 % greater than
those in 0.2 Hoagland's solution. At a root tempera-
ture of 180 C, increase(d nutrient colncentrations raised
the shoot concentrationis of phosphorus fronm 0.22 %
to 0.33 %, an(d of potassiumli from 2.65 % to 4.45 %.
At 240 C, intensifiedc nutrition increased the concen-
tration of phosphorus from 0.43 % to 0.47 %, and of
potassium from 4.25 % to 6.10 %.

At the lower root temlperature. the growth of the
slhoot wvas in(lependent of its nutrienit status, at least
with respect to phosplhorus an(l potassiumi.

EXPERIAMENT II: Xylem exrudatc: Shoul(d root
tenmperature-iniduce(d variations in shoot miineral con-
centrations be due to altered rates of mineral trans-
port, and if the mineral colntent of the xvlem exudate

reflects the tranlsport pattern of thle intact plant, then
the mineral compositioni of the exu(late ancl of the
intact shoot slhould vary similarly in response to root
temperature. The rate of exudation in the tomato,
as affected b1 root temperature. has been studied b1
Kramner (24), but he di(l lnot re)ol-t on ion concen-
trations in the exudate. \We stu(lie(d this effect bv
collecting the 12 hour day or nighlt exudate of (le-
capitated plants growingi in san(l, watere(l with Ho1-,a-
land's solution, at root temperatures of 150, 210, aild
270 C. The plants were about 20 cmii hiighl wvlen
topped. The volume of exudate varied as reporte l
by Kraml-er (24). The exu(late was alnalvzed (lirect-
ly for potassiuim, phosphortus, ainil nitrate.

Phosplhorus con-celntratioI varie(l frolml 33 ppm at
150 to 52 ppim at 270 C. Conversely, the concentration
of potassiumiii (lecline(l fromli 534 pplmi at 15° to 457 ppmll
at 270. Nitrate-initrogen (li(l not vary significanltly
alid averagedl 270 pplm.

Because of the (livergent natuire of tllese variatioii,
they canniot be attributed to variatioll in voluime flow
of exudate. Undler like coil(litiols, thle concentrationis
of these elemiienits in the intact slhoot inivariahly in1-
crease in response to iall ilcrease iin rioot teml)erature.
Just as classical stu(lies lhave shown I)oor correlationl
between salt ul)take anid water uptake (25), so these
data indlicate that patternis of sxalt accumllatiol ill
the shoot (lo not alwats hear al close relatioii to salt
concentrationi in the X lem exudate. In additi(onI,
note that the concentrationis of p)hosp)lIorus, potassiuill,ll
aln(l nitrate in tomato exullate ar-e only one to two
timles that of Hoagland's solutioni, whereas their coil-
centrations in the intact freslh shloot are fromii 10 to
40 times their con-celntrationis in HIoa-landls soluitioni.
The importanice of tlle slhoot cells ini the colncentratiaII
plhelnomienoln is treatedl mlore fully ill the Discusi n.

EXPERIMENT III. 24-Hour) tresponise: In thle
young tomllato plant, responise of the shoots to a (le-
creased root temperatuire is (liscern-il)le -\vithin 24
hours. Tlle responise is eviden-ced by a darkeninig of
leaf color alm(1 accumulationi of purple pigmenltationi inl
the stem. If (liffereiuces ini miinleral conmposition are

detectable w-ithin 24 houirs, they slhouldl parallel differ-
ences foun(d in longer termii exlerimiients, provi(le l
that an unq(jualified chanige ini basic rate of transport
is responisible.

To determine the 24-lhour response. young planlts
\ere placed in aerate(d Hoagland(I solutioin heldl at 13°
or 250 C, hlaving developedl in Hoagland's solution
first at 130, then at 250 root temiiperature, in tlheir
pre-treatmiient. Experimelntal proce(lures were as pre-
viously (lescribed. Potassiunm, nitrate, aind phos-
plhorus determinations were nma(le on acetic aci(l ex-

tracts of eaclh individual l)laIlt, of wlichl there w\ere
24.

No diffel-ences in concenltrationis of potassiulmi Or
soluble phosphorus in the shoot, (lue to treatmlenlt.
wvere detect.ble in 24 hours. Nitrate nitrogeni. how-
ever, varied fromll 880 pplml at 130 to 1,060 ppm at
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250 C. Average increase in plant weight was 90 mg
at 130 and 560 nmg at 25° C.

DISCUSSION OF EXPERIMENTS I, II, III: The evi-
dence of the three experiments just described indi-
cates that rate of nutrient supply is not the factor
which limits shoot growth at cool root temperatures.
T'he results of experiment I show independence of
shoot growth from its nutrient status at the low root
temperature. Experiment II discloses the fact that
the pattern of mineral accumiiulation displays con-
siderable indepelndence from the composition of the
xylem exudate. The results of experiment III sug-
gest that the re(luced amounts of phosphorus and
potassium in shoots of cool-rooted plants do not
necessarily represent an immediately reduced trans-
port of these ions to the shoot.

The data (lo not support the idea that a slow rate
of nitrate reduction at low root telmlperature might
be a chief factor in the (lepression of shoot growth.
An increase in tissue nitrate would be expected to
result from an inhibition of nitrate reduction (12).
However, in response to low root temperature. the
nitrate content of shoots and roots decreases in both
long and short-term trials, an(d nitrate concentration
in the exu(late does not vary.

EXPERIMENT IV. Interaction of hiumidity and
root temitperatutre: Previous to experiment IV, we
used two wi(lely differing methods of determining the
importance of water stress in the over-all response
of tomato plants to a cool root temiiperature.

The gradual (lecrease in the mioisture content of
plant tissues which occurs during the day is well
known (25). Our measurements, using root temper-
atures of 180 and 240 C, failed to detect a greater

diurnal moisture loss from the tissues of plants grow-
ing in the cooler root me(lia. These measurements
were made under many varied conditions of pre-
treatment and nutrient media. A 12-hour nocturnal
period of adjustment to root tenmperature was allowed
before measurements were started.

Eaton (11) demonstrate(d that a tomato plant
having a portion of its root system in a nutrient solu-
tion will remove water amply fronm a distilled wvater
supply via the remaining portion of its root system.
Working on this basis, we grew plants with part of
the root system in a warm or cool nutrient solution
and the other part in warm distille(d wvater. Several
types of control treatments were provided. Results
showed that the growth of plants in cool root media
was not enhanced by provision of an auxiliary warm
water supply.

In experiment IV, the approach to this problem
was to superimpose humidity treatments (15 % R.H.
(lifferential) on plants growing at two root tenmpera-
tures (150 & 250 C) in solution culture. The reasons
for using a narrow humidity differential are discussed
later. Under these conditions it was expecte(d that
shoot growth would be enhanced by higher humidlity
if water stress was a limiting factor. In addlition, the
use of 1.0 and 2.0 Hoagland's solution was introduced
since such a variation is known to affect vater ab-
sorption, and to expand our body of data on the inter-
action of root temperature and nutrient concentration.
The treatment period was 7 days.

The effects of root temperature, humidity, alndl root
mediuml concentration on shoot and root grow-th are
shown in table I. Considering, first, only plants
growing in 1.0 Hoagland's solution, the stan(lard
treatment, it is evident that higher humidity signiifi-

TABLE I
EFFECTS OF ROOT TENIPERATURE, RELATIVE HUMIIDITY, & NUTRIENT CONCENTRATION ON SHOOT

PER SHOOT

& ROOT GROWTH*

PER ROOT
NUTRIENT ROOT FR WT

CONC TEMP
- REL HU-M., %

STANDARD 0 C 40 55

DRY WT

REL HIUAM., %CO
40 55

FR WT

REL HU-M., %O
40 55

DRY WVT

REL HUM., %
40 55

grains
1.0 15 5.1 5.7 0.40 0.44 1.6 1.4 0.10 0.10 4.1

25 8.1 10.1 0.56 0.70 1.9 2.2 0.09 0.10 6.5

2.0 15 4.4 5.3 0.35 0.43 1.3 1.5 0.08 0.10 4.6
25 7.3 7.3 0.53 0.51 1.7 1.7 0.10 0.10 5.6

Sign)ificant levzels of
iiiean difference, %
Root temperature
Nutrient conc.
Relative humidity
Interaction**

99
99
97.5

95(HXTXC)

99
99
97.5

95(HXTXC)

99
95

N.S.
N.S.

N.S.
N.S.
N.S.
N.S.

* Experiment IV.
**All possible interactionis are nonsignificant except those hbich are shown.
*** Dry veight basis.
T, root temperature; C, nutrient concentration; H, relative humidity.

S HOOT-ROOT

RATIO***
40 55

g/g
4.6
6.9

4.4
5.5

99
97.5
N.S.

99(TXC)
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TABLE I I
EFFECTS OF ROOT TEMPERATURE, RELATIVE HUMIDITY, & NUTRIENT CONCENTRATION

ON MINERAL COMPOSITION OF SHOOT*

NUTRIENT ROOT
CONC TEMP

STANDARD ° C

K

REL. HUM., %
40 55

SOL. P***

REL. HUM., %
40 55

INSOL. P***

RE:L. H UM., %
40 55

Ca

REL. HUM., %
40 55

NO3 AS N

REL. HUM., %
40 55

1.0 15
25

2.0 15
25

Significant levels of
mean difference, %0
Root temperature
Nutrient conc.
Relative humidity
Interaction**

g/100 g Dry, weiglit
4.8 4.8 0.31 0.33 0.25
6.1 5.7 0.54 0.55 0.25

5.0
5).7

0.24 3.2
0.25 3.2

5.0 0.37 0.36 0.23 0.25 3.3
5.6 0.52 0.54 0.26 0.25 3.3

99
N.S.
N.S.

95(TxC)

99
92
92

99(TxC)

N.S.
N.S.
N.S.
N.s.

3.2
3.2

3.1
3.1

N.S.
N.S.
N.S.
N.S.

* Experiment IV.
**All possible interactions are nonsignificant except those x -lich are slloCx-
*** Acetic acid soluble or insoluble phosphorus.

cantly promoted shoot growth in warm-rooted plants,
but did not do so in cool-rooted plants. A separate
statistical analysis of this data (1.0 Hoagland's solu-
tion) showed differences due to root temperature or

humidity to be highly significant as was the inter-
action of root temperature and humidity. Root
growth exhibited a positive response to root tempera-
ture if measured by fresh weight, but not by dry
weight. The shoot-root ratios indicate that the
warmer root temperature stimulated shoot growth
more than root growth.

The more concentrated nutrient solution con-

sistently depressed shoot and root growth, an(l at the
warm root temperature depressed shoot growth mlore
than root growth (see shoot-root ratios). The de-

pressing effect of concentration was not aclditive to
that of cool root temperature. The 2.0 Hoagland's
solution induced the greatest growtlh depression -when
the root temperature was warnm and the humidity
relatively high (i.e., when growth was normally the
fastest). This suggests that cool root temperature

TABLE III
EFFECTS OF ROOT TEMPERATURE, RELATIVE HUMIDITY, & NUTRIENT CONCENTRATION

ON MINERAL COMPOSITION OF ROOT*

NUTRIENT ROOT
CONC TEMP

STANDARD ° C

K

REL. HUM., %

40 55

SOL. P***

REL. HUM., %O
40 55

INSOL. P***

REL. HUM., %
40 55

Ca

REL. H UM., %
40 55

NO' AS N

REL. HUM., %
40 55

g/lOOg Drv zweight
1.0 15 7.0 6.6 0.63 0.55 0.64

25 7.5 7.8 0.81 0.74 0.62
0.64 0.75 0.63 1.18 1.08
0.57 0.96 0.67 1.38 1.36

2.0 15
25

Significant levels of
wiean difference, %
Root temperature
Nutrient conc.

Relative humidity
Interaction**

6.8
7.4

7.7
7.9

99
N.S.
97.5

99(H X T)
95 (TX C)

97.5 (H XT X C)

0.80 0.70 0.74 0.65 0.82 0.75 1.27 1.24
0.84 0.85 0.54 0.52 0.96 0.91 1.53 1.50

99
99
99

95 (H x T)
99 (TX C)

92(HXTXC)

99
N.S.
N.S.

94(Tx C)

99
97.5
99

92 (H XC)

99
99
N.S.
N.S.

* Experiment IV.
**All possible interactions are nonsignificant except those which are showtn.
*** Acetic acid soluble and insoluble phosphorus.
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0.79 0.95
1.04 1.16

0.88 0.90
1.19 1.17

99
N.S.
97.5

97.5 (H x C)
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and nutrient concentration were not active through
the same mechanism.

It will be noticed (table II) that an increase in
humidity did not greatly affect the concentrations of
mineral elements in the shoot. Doubling the standard
concentration of Hoagland's solution had the same

general lack of effect, depending on levels of root
temperature and humidity. Environmental effects on

mineral accumulation in the roots were complex
(table III).

Nightingale and Mitchell (34) found that tomato
plants grew more vigorously in response to increased
humidity. Freeland (16) found the opposite to be
the case. In our preliminary experiments, shoot
growth was significantly reduced by a very high
humidity (90 %) when maximum daily light intensity
was about 1,500 ft-c. Clearly, the effect of humidity
on shoot growth depends on several qualifying cir-
cumstances. The conditions of experiment IV are

considered valid for the primary purpose of the in-
vestigation. The range in intensities of the variables
was narrow and closely approximated greenhouse
conditions. An abnormal situation was not created.
The humidity levels employed appear to be in the
limiting region where a small variation would be
expected to evoke a tangible response in a dependent
variable. From the results of our experiments it
may be concluded that water stress is not the factor
responsible for the shoot growth depression occurring
at cool root temperatures.

EXPERIMENTS V & VI: With the indication that
rates of mineral and water absorption are causally
unimportant in the relationship of shoot growth to
root temperature, the possibility of an endogenous
mechanism remained to be explored. By growing
plants in dilute salt solutions and distilled water, it
was speculated that the situation might occur in which

TABLE IV
COMPOSITION OF SOLUTIONS IN EXPERIMENT V

SOLUTION MOLARITY K P N

ppm (approx)
KCI 0.0001 4 ...

KH2PO4 0.0001 4 3
NaH2PO4 0.0001 ... 3 ...

0.01 Hoagland
(macro only) 2.3 0.3 2

1.0 Hoagland
(for reference) 234 32 200

no net movement of salts to the shoot would take
place in response to root temperature treatment.
Should this occur, the response or lack of response
of shoot growth to root temperature would have par-
ticular significance.

Furthermore, it was possible in experiments I and
IV that an actual limiting role exerted by water or
ion transport was masked because both were limiting
or nearly so in plants growing in cool root media.
If such were the case, the linmiting role would be in-
terchanged in experiments testing each separately,
and the limiting nature of neither would be disclosed.
To test this possibility, plants growing in distilled
water were exposed to two different levels of humid-
ity. With one factor thus definitely limited, the ap-
parency of shoot response to variation in the other
could be ascertained.

EXPERIMENT V. Response to root temperature
of plants growing in dilute solutions: Plants previ-
ously grown in 1.0 Hoagland's solution, 150 C in tem-

BLE V

INFLUENCE OF VARIOUS DILUTE SALT SOLUTIONS & ROOT TEMPERATURE UPON
RATE OF PLANT GROWTH & SHOOT-ROOT RATIO*

FR WT DRY WT SHOOT-ROOT
INCREASE** SHOOT RATIO***

ROOT TEMP (C) 150 250 150 250 150 250

Solution
KCI 37 46 12.8 12.9 2.72 2.40
KH2POJ 37 44 13.7 13.0 2.71 2.53
NaH2PO4 40 46 13.5 13.0 2.45 2.70
0.01 Hoagland 45 52 13.3 13.4 2.18 2.31

Significant levels
of mean diff., %

Root temperature 99 N.S. N.S.
Solution 94 N.S. N.S.

* Experiment V.
** Gain in fresh weight as a per cent of the initial fresh weight.
*** Fresh weight basis.
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perature, were placed in 0.25. Hoagland's solution 5
days before beginning treatment. In treatment, they
were grown at 150 or 250 root temperature, and in
one of the four -nutrient solutions whose character-
istics are shown in table IV. Also shown, for refer-
ence, are some properties of the Hoagland's solution.
One-half the plants were taken for weight meas-

urement at the end of 48 hours. The nature of their
responses was identical to that of the remaining
plants, which were taken for weighing and analysis
after an additional 72 hours. Plants were composited
within treatments for chemical analysis.

Plants grew proportionately faster in the warm

than in the cool dilute solutions, as shown by the
data on per cent increase (table V). Since tempera-
ture treatment caused no shift in shoot-root ratios,
it may be assumed that warm root media promoted
shoot and root growth to the same degree.

Nitrate reserves were nearly depleted in all plants,
particularly in faster growing warm-rooted plants,
being about 100 ppm in shoots and 400 ppm in roots
on a dry weight basis. The influence of treatment on
concentrations of potassium and acetic acid-soluble
phosphorus are shown in table VI. Shoots of warm-
rooted plants were invariably higher in potassium
and soluble phosphorus than their cool-rooted counter-
parts, even when these elements were not present in
the nutrient solution. Evidently the warm root tem-
perature stimulated the accumulation potential of shoot
cells preferentially over that of root cells. In all
solutions, the concentration of potassium in the root
declined at the warmer root temperature. With phos-
phorus this occurred only when there was no phos-
phate in the nutrient medium.

Table VI also presents the absolute amounts of
potassium and acetic acid-soluble phosphorus in whole
plants, corrected for initial differences in plant
weights. Warm-rooted plants contained more of
these elements, even when they were not supplied in
the external solution. This suggests that they were

lost preferentially to the cooler solution. The dif-
ferences amounted to 8 % of the potassium and 17 %
of the soluble phosphorus. To what extent the solhi-

ble phosphorus fraction is indicative of total phos-
phorus is of course subject to doubt.

EXPERIMENT VI. Response to root temperature
of plants growing in distilled water: Plants were
preconditioned in a manner designed to make them
typical of neither warm-root nor cool-root plants at
time zero. During the final pre-treatment phase they
were grown in standard Hoagland's solution at 250
for 3 days. During treatment, plants were grown

in aerated distilled water, 150 or 250 C in tempera-
ture, and either at 35 % or 50 % minimal relative
humidity. After 68 hours at treatment, plants were

weighed and combined in groups of two for chemical
analysis.

A slight response in shoot growth to root tempera-
ture was observed (table VII). Two preliminary
experiments resulted in responses of the same level
of significance (90-92 %). Final shoot weights as

a per cent of the plants' original weights take initial
differences into account. Such corrected quantities
may more precisely portray the true responses, since
growth was slow in distilled water and the treatment
period was brief. The probability is fairly high that
higher root temperature and higher humidity en-

hanced shoot growth even under these conditions of
severe nutrient limitation. The shoot-root ratios in-
dicate that the warm root temperature promoted shoot
growth less than root growth.

In general, plants attaining a greater rate of
growth, due to treatment, had lower concentrations
of potassium, phosphorus, calcium, an(d nitrate in both
root and shoot (table VIII). As estimated by
several quantities or ratios abstracted from the data,
on an absolute basis, differential shoot-root shifts in
phosphorus and potassium, due to treatment. were

too small to be detectable, nor were they lost to the
medium in greater amounts at one temperature than
at another. In contrast, calcium was lost from the
shoot preferentially at the warm root temperature,
and to a greater degree from the root, with the re-

sult that warm-rooted plants significantly contained
from 5 % to 10 % less calcium than cool-rooted plants.

TABLE VI
f\NFLUENCE OF VARIOUS DILUTE SALT SOLUTIONS & ROOT TEMPERATURE ON CONCENTRATION &

ABSOLUTE AMOUNTS OF POTASSIUM & PHOSPHORUS**
SOL.

g K/100 g DRY WT K/PLANT*** g SOL. P/100 g DRY WT P/PLANT***
ROOT TEMP, C: 150 250 150 250 150 250 150 250

SOLUTION SHOOT ROOT SHOOT RGOT mg/g SHOoT ROOT SHOoT RooT mg/g

KCI 3.4 3.8 3.5 2.8 5.1 5.3 0.14 0.27 0.16 0.24 0.23 0.27
KH2PO4 3.0 3.6 3.2 3.1 4.8 5.0 0.21 0.38 0.28 0.57 0.36 0.50
NaH2PO4 2.8 3.1 3.2 2.6 4.5 4.9 0.20 0.41 0.27 0.46 0.36 0.47
0.01 Standard 2.9 3.5 3.4 2.6 4.7 5.4 0.15 0.30 0.17 0.21 0.27 0.29

* Experiment V.
** Acetic acid soluble phosphorus.
*** Milligrams element per plant divided by the initial fresh weight per plant.
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TABLE VII
EFFECT OF ROOT TEMPERATURE & RELATIVE HUMIDITY ON GROWTH OF SHOOTS & ROOTS

OF PLANTS GROWING IN DISTILLED WATER*

PER 2 SHOOTS PER 2 ROOTS
REL. HUM. RoOT TEMP ASHOOT-ROOT

FR WT FR WT** DW/FW FR WT DW/FW RATIO***

35

50

0 C
15
25

15
25

Significantt levels of nwean diff., %o

Root temp
Rel. hum.
Interaction

g

5.7
6.2

6.4
6.5

92
92
95

9%
96
96

98
102

92
97.5
90

1%
11.2
11.6

11.6
11.5

N.S.
N.S.
N.S.

g

2.0
3.4

2.2
3.3

99
N.S.
N.S.

5.4
5.7

5.5
5.5

N.S.
N.S.
N.S.

6.0
3.8

6.5
4.2

99
N.S.
N.S.

* Experiment VI.
** Fresh weight of shoot as a per cent of the initial fresh weight of the entire plant.
*** Dry weight basis.

DISCUSSION OF EXPERIMENTS V & VI: The fact
that increased humidity (experiment VI) promoted
shoot growth when nutrition was severely limited
makes it improbable that water and nutritional rela-
tions exerted an interchangeable limiting role in root
temperature responses. This substantiates the re-
sults of experiments I and IV.

In experiment VI, shoots responded slightly to
warmn distilled water, although concomitantly ex-

periencing a net loss in nitrate and calcium, and with-
out gaining phosphorus and potassium. Apparently
the initial stimulation was due to some factor other
than mineral supply. The stimulus, in this case, was

not sustained by an adequate supply of mineral ions,
and shoot growth was not vigorous. The relation-

ship of the stimulation and the nmineral supply is
demonstrated by these observations on shoot-root
ratios: in 1.0 Hoagland's solution (expt. IV), slhoot
growth was stimulated more than root growtth by
warm root temperature; in extremely dilute solutions
(expt. V), shoot and root growth were stimulated
equally; in distilled water, warm root temperature
stimulated root growth more than shoot growtlh.

In experiment V, phosphorus and potassium ap-

parently were lost to the medium in greater amounts
at the cooler root temperature. In experiment VI,
calcium was lost in greater amounts to the warmiier
root medium. These directional variations compare
favorably with results obtained under conditions of
normal nutrition; i.e., it was originally reported by

TABLE VIII
EFFECT OF ROOT TEMPERATURE & RELATIVE HUMIDITY ON CONCENTRATION OF POTASSIUM,

PHOSPHORUS, CALCIUM, & NITRATE IN SHOOTS & RooTs OF PLANTS GROWING
IN DISTILLED WATER*

REL. ROOT K SOL. P TOTAL P Ca NO, ASN
HUM. TEMP SHOOT ROOT SHOOT ROOT SHOOT ROOT SHOOT ROOT SHOOT ROOT

° C % Dry Weight ppm ppm
35 15 3.3 4.2 0.20 ** 0.36 0.67 1.8 0.97 930 1700

25 3.2 2.8 0.20 ** 0.35 0.41 1.7 0.47 330 500
50 15 3.1 4.2 0.18 ** 0.34 0.64 1.7 0.84 780 1700

25 2.9 2.6 0.19 ** 0.34 0.42 1.6 0.47 340 400

Significant levels of mean difference, %
Root temperature N.S. 99 97 ... N.S. 99 99 99 99 99
Relative humidity 95 N.S. 95 ... N.S. N.S. 97 N.S. N.S. N.S.
Interaction N.S. N.S. 99 ... N.S. N.S. N.S. N.S. N.S. N.S.

* Experiment VI.
** Not analyzed.
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Lingle and Davis (29) that cooler rooted plants con-

tained less potassium and phosphorus, while the
warmest rooted plants contained less calcium. It is
possible that the quantitative effect of ion loss to the
medium upon the mineral content of the shoot is not
negligible, even when nutrition is normal.

One additional observation upon intra-plant move-

ments of minerals deserves comment. Tn experiment
V. the shift of phosphorus and potassium from root
to shoot was greater- at wvarmier root temperature.
The apparent loss of phosphorus and potassiumi to the
medium was greater at cooler root temperature.
This may indicate an effective barrier between the
free space and a portion of the root-shoot path. The
exudation phenomenoln must, of course, rest upon

just such a basis (8, 20). Its inmportance in the over-

all transport scheme is being evaluated at present
(26, 37, 40). (It is emphasize(d that the above-men-
tioned differential movements of phosphorus and po-

tassiulml were not evident in the (listille(l water experi-
m11ent.) IonI loss to the mle(liulmi and ionl release to
the shoot may involve fundamientally (lifferent mech-
anisms, even structures.

DISCUSSiON

If shoot response to root temperature has a (legree
of indlependence from its nutr-itional an(d hydrational
states, an endogenouis mechanismminust be propose(l.
Variations in root temperature may, for instance, in-
duce differential production of root-pr oduced sub-
stanices having shoot regulatory activity. Evidence
of such substances hlas been reporte(l for tomato (21,
42). Consideratioln of this type of meclhanislmi prob-
ably will not be neglecte(d in future investigations.
Another mechanisnm is possible, however. It is easily
overlooked, anid, for this reason, will be emphasized
in this discussion. Whenever slhoot-root relationships
are being studied, this mechanisml remains a possibility
until discounted. This is particularly true Nwhen ex-

perimental procedures involve ringing, or girdling,
or severing of the root from the shoot.

Relatively low temperature miiay retard the rate
at which materials are transported in the phloem
(14). It would be reasonable to suspect that low
root temperature might diminish the root's effective-
ness as a "sink" for phloem tralnsported material (7).
Indeed, cool root temperature decreases shoot growth
and mineral accumulation in a manner which recalls
the ringing of branches (9, 31). Similar results have
been produced by cooling a portion of a branch (10).
In cooling and ringing treatments, procedures were

used in which root activities were not curtailed nor

transpiration primarily affected. Results of ringing
were interpreted as indicating a significant upward
transport of mineral elements in the phloemii-a widely
contested conclusion.

A different interpretatioin is possible. In the
normal functioning of shoot cells, a large number of
compounds are produced of wlhiclh many may be classi-
fied as growth substainces (17). Several known

growth substances have been slhowin to acculmiulate
at girdles (5). Should the shoot experience an altera-
tion in the concentration of such compoun(ls, due to
an interruption or depression of phloem transport,
a partial inhibition of slhoot cell metabolismi mighlt
result.

Endogenous meclhanismiis ha-e been showx n to cauise
wide fluctuations in the intensity with whiclh cells ac-
cumulate mineral ions (3, 28, 32, 43). Suclh accumlu-
lation is known to depend oIn imletabolic activity (1,
18, 37, 41). Wheni shoot activity is comparatively
low, mineral elements wlhich lhave been taken up andl
not accumulated are probably subject to phloemn export,
or, in girdled stems, to a backward (liffusion along
purely physical gradienits w7ithin the free space of the
plant body (26).

Many of the responses reported hereini, with re-
gard to mlineral concentrations in the slhoot, are diffi-
cult to account for on the basis of a unidirectional
(upwvard) transport (20, 40) alone. The imineral
composition of the xx lem exud(ate and that of the
shoot did not vary similarly in response to root tem-
peratuire, nor did the slhoot display similar long and(I
short-term variations. Doubling the stand(lar(d Hoag-
land's solution did not increase the salt content of
shoots, nor didl elevated humiii(litv (lecrease it, con-
trary to prediction on the basis of passive transport.
Losses of ions from the shoot and from the entire
plant, presumably to the rooting me(liumiii, are to be
inferre(d fromii analyses of tissues of plants which were
grown in (lilute salts an(d distilled water.

These observations are more consistently explainie(d
if the mineral content of the shoot is assumile(d to be
at least partially attributable to a selective accumullula-
tion by the shoot cells (20). Penstoll (36), Alber(la
(1), and Helder (18) propose a return of excess ionS
to the roots and to the root medliumii. Recirculation
of ions has been thoroughly (lemonstrated (4).
Mineral excretion to the root me(liumii has been ex-
tensively reviewed by Loehlwing (30) and Helder
(18), an(d mlore recently (lemolnstrated by Kylin (27)
and Emmert (13), amoing otliers. Quantification of
such mineral retranslocations may be essential in a

strict accounting of the shoot's mineral contenlt at a

given time.
Should cool r1oot temperatures actually retard

movement in the phloem, resulting in a congestion
of substances in the shoot wlhich can (lepress metabolic
activitv anlI salt accumuitilatioln. a basis may be pro-
vide(d for understanding sonme of the effects of cool
root temperature on shoot growtlh andnmineral accui-
mlulation in tomato plants.

SU MATARY

Tomato plants were grown undler partially con-
trolled environmental conditions in nutrient culture,
the main treatments being variations of root tempera-
ture in the range 130 to 270 C.

In nutrient solutionis grade(d in conicentratioln from
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0.2 to 1.0 times the standard strength of Hoagland's
solution, each increment in nutritional level enhanced
shoot growth of warm-rooted plants, but not of cool-
rooted plants, although phosphorus and potassium
concentrations were increased in both warm and cool-
rooted plants. An increase of atmospheric humidity
promoted the shoot growth of warm-rooted but not
of cool-rooted plants. When plants were growing
in distilled water, a weak but significant promotion of
shoot growth was observed in response to increased
root temperature and increased humidity. In this
situation, the faster shoot growth occurred without a
more rapid net movement of phosphorus and potassium
into the shoot, and despite an absolute decrease in
nitrate and calcium. It was concluded that the con-
trol of shoot growth by root temperature does not
reside primarily in rates of mineral or water supply
to the shoot. Over-all evidence did not favor an
important role for nitrate reduction in this connection.

In response to root temperature, variations in min-
eral contents of the xylem exudate were not similar
to variations in mineral contents of intact shoots, nor
were short-term responses similar to long-term re-
sponses. A nutrient medium concentration twice that
of Hoagland's solution did not materially alter the
salt status of the shoots, nor did moderately increased
humidity. Observations made on plants grown in
dilute salt solutions and distilled water demonstrated
the necessity of considering ion movements out of
the plant in accurately accounting for its mineral
contents at a given time. It was concluded that the
salt status of shoots in response to root temperature
variations could not be accounted for entirely by esti-
mations of uptake alone, but shoot export and plant
loss of elements must also be considered.

In explaining the response of shoot growth and
salt accumulation to root temperature, discussion
centers upon a possible endogenous mechanism.
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