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Nutrient solutions which contain the proportions of
esgential inorganic elements for optimum plant growth are
sald to be physiclogically balanced. This physiologieal
balance of the solution has been shown to depend upon the
- gpecies of plant and npon environmental conditions.

The acid or alkaline reaction of the sclution is alse
an important factor to be considered when any investigation
of physiological balance is being mede. Investigators
obeerved that many plants which grew normally in a given
golution at a pH betwesn 4.0~5.0 became dwarfed and badly
chlorotic when the pH was increased to & value of 6.0 or
higher. This chlorotic condition has been attributed to
the ﬂmaﬁmwwwwwwww%,am nﬂ@ﬂ%@%m@.wﬂ@ﬂ in neutral or alkaline
reactions; ma,aawwm‘mmﬂwwww,mmamwaﬁwwﬁmn if organic irom
compounds, such as ferric eitrate or wwﬂ&wﬁ.aa&wwwwaw were
used instead of inorganie iron compounds. The addition of
*humus® sxtracts to solutions. containing inorganiec iren was
also found to be effective in preventing chlorosis in alka~.
line reasctions. To explain this humus action the wwaaw%
wmm advanced that complex organie iron compounds were %&Mﬁ&m,
between some constituents of the humus and the inorganie
iron salts, and that these orgsnic complexes waere able to
furnisgh fron in en available form for plant utilization in
neutral or alkaline reaction.

Other investigetors observed that inorgenic iron
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aﬁmgaunﬁgfﬁarn able to support normal development of plants
iﬁ %ni%iéntisﬂlaﬁiane effﬁaatgﬁiisgﬁ;aiﬁalinavreaétiéns,
when emmonium-nitrogen was aah&ti%u&adyf&r the more commonly
. aé#ﬁ nitrate~nitrogen.

‘Olsen (98) attributed the sppearance of chioreosis in
p&aﬁts grown in nutrient solutions at pH 6.0-7.C to the
high‘ﬁk@ﬁﬁhﬁ%ﬁﬂﬁﬁlﬁiﬁﬁsrﬁﬁiﬁﬁ of the solutions employed.
Eﬂsﬁﬁéﬁ'ﬁ’mﬁﬁifiaﬁ Kn@gis solution and reported that, if ﬁh§
pﬁ@g?h@%&waalaiﬁm.rak&e«waﬁ:tﬁaaaeﬁ to one fifth the usugl
amﬁéat by lowering ﬁhg‘phaaphaga added, the resulting solu-
; ﬁibﬂ Qﬂp@é&ta@ normal growth of maize plants at pH 6.0-7.0.
T§§~pur§e§a,afth& igw@gtigatien reported herse was to |
fﬁknay“s§3$a§a%i¢a1ly ﬁha»infimanﬁa of sailia:ganié.aaatarA
on the ggagthjﬁt'§g§§g §§3g§‘a£ a%ffergnﬁ,raagﬁiena,~ky
agigg:ya&;ﬁgg,qaaaﬁgziaa af-axkalina &aﬁﬂg‘axtrﬁeﬁgvin
s%é%ﬁlﬁ‘gﬁﬁrgaﬁt solutions, and to !ﬁglaéﬁythé;gggeaz;afv,'
ﬁﬁﬁﬁ# #ﬁbStanaag-ﬁgan the availability ef iren for plant
’gxﬁnﬁﬁ\a@~ﬁhﬁﬁa reasctions. The gp%i&am phﬂﬁ?b@%ﬁé@&l@iuﬁlv
ratic in nmirient aﬁiﬁﬁiﬁﬁa aagsinvastigatéd for the growth
of ggggg,ggzgx'infa,wiég'zang@ af“hyévagen'ima.aﬁa&@n#x&tian,
and Olsen's correlation of this ratio with chlorosis was

examined for plants grown under sterile conditions.
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great importance. Due to the close relationship of the
effects of light, temperature, and humidity upon plant
growth, Blackmsn (12) intreéaagékkh@~warﬁ tinterrelatad"

for these factors.

Concentration

Breazeal (Sazlabaarva& that, if the solution were
gontinuously renewed, wheai plants gave %h&ir'aaximum
growth in the highest concentration of the nutrient
solution he aaylay@é@ His solution contained 15, 75, 1585,
750, and 1,550 ppm. of totsl solutes. To further his
Invsa&igaﬁinﬁ, the same plant was used and alsc the aﬁ&a
coneentrations, but the solutions were renewed only at three
and one half day intervale. Under these conditions the
maximum growth was obtained in the solution having a coneen~
tration of 155 ppm. Using barley for experimentation, Hall,
Brenchley, and Underwood (61) observed that the barley plant
ineressed in growth in proportion to the concentration of
solutes; however, Stiles (1281) (122) obtained very little
difference in growth response in the solutions of differsnt
concentrations. |

Expressing concentration in terms of osmotic pressure,
Shive (116) (117) revorted that both wheat and buckwheat

gave the best growth in solutione having s total concentra-



tien of 1.75 astmospheres, and the growth wag poorer in solu-
tions having a total caﬁeantratiaﬂ of 0.1 and 4.0 atmos=-
pheres. Using two species of hybrid tobaceo sz test plants,
Ayres (8) obtained superior growth when the total aanéennram
tion of the nutrient solution was relatively low. |

Pember (108) obteined optimum response for barley in
solutions with high concentrations. Hoagland (68) grew
barley in solutions with total concentrations of 200, 800,
2,500, and 6,000 ppm. and reported optimum growth in the
solutions containing 800 and 2,500 ppm. and inferior growth
at the high and low concentrations. IHosgland also grew
barley 1& golutione in which the total concentration was
0.07, 0.58, 0.90C and 1.70 atmospheres, egpresseé in terms of
osmotic pressure, and found that maximum growth ovccurred at
concentrations of 0.58 and 0.90 atmospheres.

Reed and Heasg (1@?)‘t@par£ad that the growth of the
African sour orange increased progressively from a total
concentration of 364 ppm. to 2,181 'ppm., but decreased as the
goncentyration became higher than 2,181 ppm.

Using Spirodells polyrhizs (Lemna malor) as the experi-

mental plant, Saeger (110) found that very poor growth

resulted when Detmer's solutlon or Knop's solution was used;
however, if these solutions were diluted to give concentra-
tions of 1/5, 1/10, 1/50, and 1/150 of the original concen-

trations, meximum growth was obtained at the 1/10 concentra-
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tion, and the growth decreased as the concentration became
greater or smeller.

Eigenmenger (47) found little variation in the elonge~
tion of wheat roots grown in salatiéns with a raﬁhsr wide
range of total concentration. Aecording to Sideris, Krauss,
and ¥asunga (119) pineapple plants res?onﬁ moet favorably
to nutrient solutions having s tﬁ%al.aaneantratima.approxiw
mately equal to the conceniration of the cell sap, with the
growth decreasing considerably as the concentration was
changed.

This entire group of investigators have observed thst
total congentration within certsin limits does not cause
varistion in plant growth, and it beeames»impertant only

when the concentration exceeds these limits.

Physiological Balance

Osterhout (99, 100, 101) formed the opinion that
gorrect salt proportion raﬁhﬂr'%han total concentration was
the first essential of a good nutrient solution for plaaﬁﬁ.
Gile {55) suggested that variations of the lime-magnesis
ratio in nutrient solutions of high concentrations were
unsatisfactory for the growth of rice~~the variation acted
in further unbslencing s solution which was already unbal-

anced--but that sueh a variation in dilute solutions was
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more effective. Physiologicel balance in nutrient solutions
wag considered more important than total concentration by
Ayres (8); and this was also the conelusion of Sideris,
Erauss, and Masunga (119).

The first systematic study cof the p&yaial&gi@ai bal&ﬁaa
of nutrient sclutions was conducted by Tottingham (129). He
used the wheat plant in soiuﬁians gontaining fwur’inurganie:
salts with a total concentration of 0.05, 2.5, and 8.15 |
atmospheres, expressed as aam&tic-yraﬁauret Each congentira—
tion wag investigeted with a series of eighty four maiuti&nﬁ‘
containing varying mclecular proportions of aaen salt.

Using dry weight as a oriterion of growth, Tottingham (128)
obbtained optimum growth in the solution containing 0.0130
mols of KHgPO,, 0.0145 mols of Ng80,4, 0.0144 mols of
Ca(N0z)o, 0.0049 mols of KNOy, and 8 few drops of colloidal
ferric phosphate per liter of solution. §&hive (116, 117) |
carried on the same sort of systematic iﬁ?ﬁﬁtig&tiaa and
observed that three salt nutrient solutions could be prepor-
tioned ﬁoleaﬁlariy to give growth equal to, or better then
that obtained by using Tottinghamt's {ié%} best four salt
salu%iani and that wheat and buekwhaat required éalm%iunﬁ
having different &al; proportions for maximum growth.

The use of differsnt salts as the sources of the essen~
tial elements was studied by Livingston and Tottingham (87);

their investigation showed that monc-caleium phosphate,
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potasgsiun nitrate and magnesium sulfate could be balanced
in nutrient solutions which would be as effective for growth
of wheat as the usual combination of primary getassinm
phosphate, oalcium nitrate, and megnesium sulfate. Gericke
(52) grew wheat plants in dilute solutions of L0y for 24
hours, the second day in MgHPC,, the third day in CaS0,,
and this rotation was continued for four weeks; the growth
obtained by this procedure was almoet egual to that of a |
controlled golution containing all the ions, but was supe-
rior to single salt solutions having other combinations of
the same ions.

The committee of Biology and Agriculture of the
Netional Research Coumcil recommended the use of solution
111 containing Ca(HgPCy)s, KNOz, and MgsSO, for the growth of
g@aéliﬁgs*< $lark (B4, 36) reported that the growih of

- was inhibited by &ﬁis $e1a£ian; however he

Lemns polyrhiz
found that the salt gra§or$iaﬁsveuﬁlﬁ be varied to give
excellent growth. A& liter of Clark's best solution for
lLemna polyrhize contained O.4 millimols of calecium as mono- |
calaium p&ﬂﬁ?b&te,va millimels of potassium as potassium
nitrate, Z’Mixlimelkef magnesium as magnesium sulfate, and
0.01 millimols of iron as ferric chloride. Using a closely
related plant, Lemna miner, Wolfe (137) reported good

growth in Shive's besti solution for wheat. Wolfe (137)
attributed Bottomley's (19, 20) failure to get suocessful
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solution for 18 days produced maximum growth at pH 7.0

with no apparent ehlgrgaiélappearing at any reaction of
solntion from pH 4.0 to 8.0. From these data Olsen (923)
concluded that phosphate was the ultimate cause of chlorosis,
and stated that it was dus to the precipitation of ferric
phosphate within the vascular bundles of the plant; this
could be prevented by reducing the phosphate to such a level
that the c¢alcium in the solution was always in excess cofe-
pared with the phosphate.

Sinece this particular peint has not been noted before,
it was thought advisable to study the data of previcus
investigators from this point of view. Only those invesb~’
igations inm which inorganic iron was used are considered
as ineclusion of organic matter introduces further compli-~
cations.

Gile (B4) concluded that both alkalinity and high
calcium were responsible for chlorosis in pineapple plants,
because neither condition would cause chloresis when
acting alone. Vhen rice plaﬁts were grown by Gile and.
Garrero (56) in nutrient solutions with a phosphate-calcium
ratio of 0.044 chlorosis soon developed; but doubling the
phosphate of this solution did not increase the severity
of the chlorosis. Willis asnd Carrero (136) observed that
applieantion of nitrates or ammonium phosphate to sandy

goils was followed closely by the appearance of chlorosis
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in rice plants. The data of Salter and Hellvane (111)
showed that wheat, soybeans, alfalifa, and corn seedlings
gave very poor growth when grﬂmn $a solutions having pH's
of 6.97 and 7;?1 and a phaaﬁhakawaalaium‘raﬁie of 7.2. |
Using & mutrient solution with & phﬁﬁﬁhatawaaiaiﬁx ‘
ratio of 0.135 MeCall and Eaag,£89§ raported &hat.ali
solutions, with reactions more alksline that pH 4.02,
cauged marked chlorosis and depression of ﬁha~graw%h of
wheat seedlings. Tarr and Noble (124) used a nutrient
aéla%ian, having a phosphate~calcium ratio of 3,28 and
buffered at 1.0 pH intervals from pH 3.0 to 8.0 with
potassium scid phthalate, for the growth of wheat, corn,
and soybean seedlinge; in all cases sgevere cghlorosis
ecourred when the reactlion of the solution was pH 6.0 or
above. Bryan (25) observed that soybeans showed maximum
grawth.a%kpﬁ 6.0-7.0 in 2 nutrient solution having a
?ﬁ@sgh&te~aaleinm-ratie af\a.éﬁs, Bryan (85, 26, 27}
also used & modified srvaﬁia golution for growth of several
test plants. All of the caloium in this modified Crone's
golution wasg obtained from the r@la%ivély insoluble
Gaﬁ(Pﬁé)g and Ca 80,4.8Hs0 by shaking qaaat&%ias»cf these
salts with distilled water and then filtering off the

udissolved residue; to the raﬁultiﬁgkﬁelatien wasg &ﬂﬁaﬁ

© . 0.85 grams of secondary sodium phosphate per liter and this

wonld undoubtedly cause the phosphate~caleium ratio to be
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rather high. This nutrient solution was wmpzéyaé as the
growth medium for soybeans, cats, whesat, alfalfa, alsike
clover, and red elover for a peried of twe menths, during
whiock time the solubions waré:r&ﬁawaﬂ daily. In 2ll cases
the maximum growth, on the basis of dry weight, was obtained
&t reaotions of pH 6.0 to 8.0. |
Brown {24) grew wheat plants in ssnd cultures contain-
ing various proportions of calclium and phosphate. At pH
7.0 in %‘ﬁﬁlﬁ%i@ﬂ having a phosphate~calcium ratic of 0.247
the glaaﬁg ﬁﬁwﬁ normally green and produced good growth; '
however in another solution at pH 6.0 having a phosphate~
ﬁalé&ﬁm ratio of G.&6$ the pzénﬁthaaamé.ahlaretgerattar

ﬁhﬁ”ﬁﬂﬁﬁiiﬁg stage., With a phosphate~paleium ratio of 2,61
in the nutrient solution used, ?é@ﬁiaghaaqanﬁ Renkin (121)
obgerved that chlorosis appeared in wheat plants grown at

pH 6.4 but that nﬁrmai‘@hlaraghyil development cccurred #t
pH 7.5. By increasing the caleium in solution until the
phosphate~caleium ratio was 0.070, Chapman (30) found ﬁhaﬁfj
s albe et pH 6.0 to 7.4

less chlorosis developed in Brassig
than at the same reagtions whaﬁﬁ&ha rﬁtia wae O,65.

| Arndt (B) reported that corn ﬁﬁﬁﬁﬁ#'ﬁhlﬁrﬂﬁi@ in
#uiah:ﬁns with a yh@sphata~ca1eiuﬁ rﬁtiﬁ of 0.66, but
developed into ﬁarmaily graﬁn.p1aat$ when the ratio was
\r@ﬁnaaﬁ to 0.064. #lthough all plants were chlorotic,
8ideris and Kraus (117) obiained good growth of malze



plants in solutions high in iron regardless afnthafphaagagﬁéf 
k;aan%eﬁﬁ; however, in avlﬁtiﬁﬁa;één%&ining low canaen%rﬁtiaﬁé
faf iron, the maximunm growth was obtained in the low n@nﬁéu§ °
trations of phosphate. ESpencer and Shive (120) ﬁbmarveé |

_ that the appearance of chlorosis in Rhododendron was corre-

lated with hhariﬁeﬁvaﬁeﬁ‘pxﬂyartians of calcium aitrate'1n 1f
the solution. :
Adams (1) concluded that caleium was the "key" eleoment
in the nutrition of soybeans; the intake of PoOp and Eg0
wag regulated by the caleium sulfate of the superphesphate
added as fertilizer.
The influence of the phosphate-calcium ratio upon the

growth of several plants is summarized in Table I.

Ammonium Ion

Ancther method for prevention éf chlorosis of greﬁn‘
plants grown at neutral or slkaline reaction in inorganic
media hag been employed by several iﬂ&esﬁigatara, Jones
and Shive (80) observed that by substituting ammonium
sulfate for the more commonly used potassium nitrate, good
growth with no chlorosis was obtained far;sayb@ans at pH 6.0.
Tiedjens and Robbins {127) grew tomatoes at pH values from
3.0 to 8.0 in ganes'anﬁ ﬁhivaﬁs~(3ﬁ} solution containing

ammonium sulfate as the source of nitrogen. Although the
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Table I. Phosphate~calojum ratio and chlorosis of plants.

Phosphate~  pH Obgervation
Caleium
Ratio

Name of Plant
Investigator Studied

0,044 alkaline beecame chlorotice

rice

Gile and

Carrerc (56)
Arndt (5)
Chapman (30}

Qlsen (92)
Molall and
Haag (89)

Spencer and  Rhod
Shive (120) dendror

- Brown (R4)
Olsen (98)

Bryan (25) soybean
Chapman (30) Eras; ga
i

Arndt (5) corn

Brown (24) wheat

Rhodo~

dendro

8pencer and
Shive (120)

Tottingham and wheat
Rankin {131)

Taryr and
Noble (124)

Splter and
EeIlvans
(111)

wheat, corn,
soybean

wheat, corn
soybean
alfalfa

G¢,064
0,065

'me 38&

0.135
0.206
0.247
0.432
0.655
0.65

Q.66
0.663
0.90

5.28

7.2

neutral

ﬁa 0""‘7 ” é:

4,5-8.0

4.08-7.0

not
given

7-9
4.5-8,0

5.0-10.0

6.0=T44

neutral
8.0
not
given
B.4-T7.5
3.0=8,0

?7! Q‘*? - 2

remained green

slight chlorosis -

.na'ﬁﬁiaresis, opti=-

mum growth at pH 7.0

¢hlorotic and
poor growth

very chlorotic

normally green

¢hlorotic at pH 6.0~
7.0, normally green

‘at 4.5 and 8.0

eptimum growth at

chlorotic

chlorotic

¢hloretic

nermslly green
ehloretic at pH 6.4
normally green at 7.5
chlerotic above pH 6.0

very poor growth
above pH 6.0
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phosphate caleium ratio of this solution wes 1.48, no
ehlorosis was evident at any resction used; maximum m&aﬁﬁw,_
was obtained at pH 7.0-8.0 amaw_mwaﬁﬁw decreasing as the
solutions became more acid. 4 duplicate series containing
potassium nitrate as the source of nitrogen was investigated
along with this ammonium sulfate series. The plants grown
in a1l solutions of the nitrate series at pH 6.0 or higher
gave distinetly chlorotic plants and poor growth. Tisdjens
‘and Robdbins (127) obtained the game resulis in these two
solutions with peppers, cucumbers, onions, lettuce, and
bests, and when the phosphate-ealeium ratio of the ammonium=~
a»awamﬁﬁfmaﬁwaakawa incressed to 4.3 good growth was obtain-
ed for tomatoss, apple and peach ireses, soybesns, and
cucumbers at pH 7.0. Tiedjens wwm Blake {(126) reported

that luxurient growth of peagh trees was obtained at wm_

6.5 to 8.5 if smmonium salts were used ag the source of
nitrogen and that severe a&wmwQWmm resulted at pH'a above
6.5 when nitrate nitrogen wae used, Davidson and Shive

{43) econfirmed thegse findings of Tiedjens and Blake (126) |

coneerning the peach tree.

Auximones

The influence of organic matter in plent mutrition

has been investigated extensively in the past few years
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and variaﬂs~rwﬂa1tsiaﬁ& aanaia&ioa& have been reported.

Livingston (85) observed that the growth of wheat was

stimulated quite substantially by the addition of manmure

t¢ the inorganiec nutrient ﬁaiu%iana; Using wheat as &

~ test plent in 66 different solutions, Sehreiner and

Skinner (113) reported that asdditions of 5¢ ppm. of pure

orgenia composts to ﬁuﬁri&nﬁ solntions gave variable r&multag

in most cases stimulation of growih resulted, especially

if the organie c@mﬁ&unﬁ contained nitrogen, and this

stimulation was more graﬁauaﬁa% when nitrates were absent.
Bottomley (12, R1) and his co-worker Mockeridge (93,

94) publiszhed a series of papers t?ﬂmwlﬁlﬁ to isﬁﬁ.ewnaarﬁw‘

ing the effec¢t of organie matter on the growth of plants iﬂ,"

nutrient solutions. ﬁaﬁﬁnmlay treated pesat with aerobic

bacteris and extracted this compost with distilled water to _

obtain a black humus substancs which he called ”bas@arizaa*v

peat extrect. He obgerved s marked stimulation of growth

for several plants when this pest exiract was added to the

soils in which the plents were growing. In nutrient solu-

tions to which this extrasct had been added, wheat and

other seedlinge showed some stimulation, but not as much

as expegted. This smaller response was traced to the

presence of the stimulating substance in the seed. Wheat

aaaﬁ;iags from which the seed was removed shortly alter

germination, were grown in two series of Detmer's nutrient
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solutions, one of which contained no organic matter and
the other bacterized peat extract. 1In all cages the
seedlings in the solution conteining the peat extract grew
very well, while those in the inorgeanic medie soom died;
;prﬁm.waﬁ¢%ﬁwaw_aﬁwawa@a@ that the seed contained some
‘essential substances without which the seedlings aaawa.maﬁ,;
‘grow in inorganic media, and that these compounds were
pregent in the peat extract. To these unidentified amm@@t;
tia) substances he gave the name “suximones®, which means

growth promoting. Bottomley, (19, 20, 21) then grew Lemna

inor in both Detmerts and Knop's solutions

made up of inorganic salts only, and in duplicate solutions
to which had been added 3568 ppm. of organic matter as
*bacterized” peat extract. The mwwﬂmﬂwwaw in growth and
roproduction wes marked; the plantes whieh grew in the
solutions containing organic matier gave as much as 20
times the reproduciion and 60 times the dry weight um,wmnmw,
in strietly inorgesniec solutions. Hockeridge (83, 94) )
attributed in part the growth w@Qaaﬂwmm power of bacteriged
peat %o its nugleic maﬂ&‘@auw¢aaw‘awa_mmﬁ¢‘mm evidence the
feet that rotted manure was more effective in promoting
growth and also centained more nuslelc aceid than did fresh
mAnuUre.

These conclusicns of Bottomley a@w@ not accepted as

final by a number of investigators. Clark (34, 36) and
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added te Clark's &almtiaﬁ gt pH 4.8 was effective in inereas.
ing frond srea, ocell sige, and the number of chloroplasts

of Lemna minor, but thaet additions of organic matter greater
than £ ppm. produced no increased stimulative effect.

In general, it may be stated that organie matter,
although not essential to plant growth, has a stimulative
affect in some oases and a depressive effeet in others,
depending upon the conditions of the experiment and the
type of argaﬁia matter used. In sterile cultures the same
gubstance which stimulates growth in non-sterile solutions,

may not affect the plant or may even depress the growth.

Iron and Organie Matter

Olsen (97, 98) observed that addition of alkaline humus
extracts to nutrient solutions of neutrsl or alkaline reac-
tion had the same influence in the prevention of chlorosis
and stimulation of growth of Lemna msjor that was noted
when ferric oitrate was added. This investigator concluded
that the stimulstive offect of organic matter in nuirient
solutions is primarily due to the property of organic matter
to form complex erganic g@&g@uﬁﬁs»@hiah,inar&&ssfth@ avail-~
ability of iren for plants in alkaline or neutral reasction.
Qlsen suggested that the iron passed directly into the
plant in the form of the eagplax molecule~—~the ferric

eitrate. Similarly the observations of Gile (54) and Willls
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gitrate~iron ratio for sach concentiration of iron that gave
maximom gtimulation of growth. These investigators sﬁggastaﬁ
that the iron-ion was the controlling factor in grewth,'

and that addition of socdium citrate, above the optimum
eltrate~iron ratio, caused a éapraﬁﬁieu of the guantity ef
iron~ion by reducing the ionization of the iron citrate
molecule.

Gries (§9) observed that irom was essential for the
formation of chlorophyll and for the normal development of
plants. Wolff (138) suggested that iron acted as a oata-
iyst in the formation of chlorophyll in the plant. The
form and amount of iren required for normal plant growth
has been studied extensively but with considerable wariati@ﬁ
in the results. | |

Organic iron compounds such as ferric citrate, ferrie
tartrate, ferric ax&la%é,.aﬁﬁ-fﬁrricrgiyaaremghﬁaykata
have been used in nutrient solutions for the source of iron
by a number of investigators. Gile and Carrerc (57)
aﬁﬁarvaﬁ'thaﬁ rice grew welli in nentral or alkaline solutions
eeﬁkaiaing ferric tartrate and ferric c¢itrate. That ferriec
%ar%ra%a~nas z suitable source of iron for orange trees in
solutions &z~pﬁ‘5w2~$a 7.5 was shown by Reed and Haes (107).
Duggar (46) used a mixture consisting of ferric eitrate and
tri~sodium phosphate as the source of iron snd obteined good

grﬁw%h.af wheat, corn, and field peas between pH 4.5 and
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pH 7.1+ Deuber (45) observed that nermal growth wes
obtained for Lemna mpjor in Kmop's nutrient solution at pH
6.5 when 2-3 ppm. of ferric citrste were added. Clark (36)
reported that in solutions a&n&ainiﬁg‘e.ﬁ mgm. of iron per
liter as ferric citrate Lemns major besame chlorotiec at
reections more alksline than pH 6.0. Lemna major and
several other wpaaias'af plants, sccording te Olsen (97, 98),

developed nermally in nuirient solutions at pH'zs 4.0 to 8.0
when 5.0 to 7.0 ppm. of iron wers supplied as terric citrate.
The maximum growth of Lemns major im Clark's nutrient -
solution at various resctions was shown by FPly (49) to
depend upon the consentration of ferric citrate. Fly grew
Lemps major in solutions containing from 0.5 mgm. to 32. |
ngm. of iron per liter as ferric citrate and ahanrvaa'that
the optimum reaction for growth changed progressively from
agid reasction to alkaline, as ;ha concentration of the
forric citrate was inoreased. |

Orgenic matier evidently is closely related to the
iron availability in plant nutrition. X% can aid plant
growth by scting as a carrier for the iron st neutral and
alkaline reactions in which inorganic iron is relatively
unaéailahie for plant azsimilm%iau, Whether the iron is
carried directly into the plant as & complex molecule or as
an ion which dissociates from a complex molecule, is not yet

¢clear.,
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,Iadrgaaia Iron Salts

The use of various inorganic iron salte in nutrient
solutions has received considerable comment in the past Few
years. Iron wae usually added t@,zha'naﬁziaaﬁ solution in
the form of a &afinita»qaanﬁiﬁy'af inorganioc ié@ﬁ salt at
the time of preparation of the mutrient sclutioms; this,
however, has besn shown to be undesirable by Marsh and Shive
(91). They observed that definite applications of iron at
fized intervals during any physiclogiscal atagﬁ~1n the growth
of plants were not prasticable, since the ever changing plent
3&vir¢ﬁmént hed a marked effeet on thafiraa/raqairﬁmaﬁ%;
§h®y~auggagtaa that the most successful method for the |
prevention of chlorosis in nutrient solutions was to supply
i?én compounds day by day as the appearance of the plant
indicated.

Gile and Carrero £5ﬁ)raha&r?ad.that‘farria chleride
was much more effective in yravénﬁiag chloresis of rice :
than was aallﬁiﬁ&l iron. This observation was confirmed by
Ghapmen (30) who found that celloidal iron was not effective
in the prewﬁnti@n,affahmareﬁiﬁ of Brassics alba. Jones (?ﬁ};
on the other hanﬁg.feunﬁ that colleidal ferric phosphate in
the concentration of 0.814 mgm. per liter was able to
prevent chloresis of Marquis wheat in solution cultures,

Coreon and Bakke (41) observed that whest ghowed a
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preference for ferric phesphate while Canadian field peas
regponded equally well whether ferrie phosphate or ferrous
rhosphate wap used far~tha sopurce of iron. Ferrous sulfate
was shown by Hartwell and Pember {64) to serve as a aauiaa
of iron for rye or barlsy seedlings. Thet peas and barley
regquired like QQ&nt1t1§a of iron was the observation of
Toole and Tottingham (128). &g@gﬁ major and soybeans were
found by Deuber (45) to have agyréximatexy the seme iron
reguirement when grown in the same typéﬁ of oultural
solutions, | y

That the importence of the choies of iron sali depended
upon the kind of nutrient solution employed was shown by
Jones (76). Jones observed %hmt'tarriﬁ phesphate was able
to prevent chloresis in nutrient solutions eontaining
ammonium selts as the source of nitrogen, but was unable to
prevent chlorosis in solutions containing nitrates; rarraﬁs
sulfate, on the contrary, was toxic in the ammonium series
ﬁmt very effective in supporting normal growth in the
nitrate series. These results of Jones (76) were eﬁnfixmsﬁv
by Jones and $h&?§ (77, 78, 79, 80}, and Barneite and
Shive (10). |

The effectiveness of varicus iron sslts has been
studisd with sgaaial\ﬁmyhﬁﬁas on the taiaz amount of salt
reguired for normal growth of plants. Gile (54>‘ebs$rvaa

that ferrous sulfate had a decided advantage over the same
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goncentration of ferrie chloride for the nutrition of rice.
Thie observation waé algo made by Arndt (5) who found that

the amount of ferrous sulfate required to produce normal growth
of corn was much smaller than the amount of ferric nitrate
required. In the experiment of Tottingham and Rankin (132)
wheat showed a& more favorable response to ferric phosphate than
to either ferric sulfate or ferrous sulfate with the same con-
ecentration of iren per liter. Corson and Bekke (41) found that
wheat grew better in solutione containing ferric phmspha%g than
in solutions containing ferrous phosphate, while Canadian field
peas ﬁhnwéd no advanitage in eithser solution. Deuber (45) ob-
served that Lemna msjor gave approximately the same growth
response at pH 6.2 when iron as ferric cltrate, ferrioc chlor-
ide, ferrous sulfste, or potassium ferroeyanide, was supplied
in the concentration of 2-3 ppm. but that both ggggg,ggggg

and soybeans became chlorotic when ferri-ferro cyanide was

uged as the source of iron., At pH 5.0 ferri-ferro oyanide

wag a better source of iron than an equasl concentration of
ferric oitrate. Clark (35) also used Lemna mejor and found
that ferriec chloride in the goncentration of 0.60 mgm. of

iren per liter was slightly superior to ferric phoesphate

and ferric nitrate In the same concentrations. At the same
#im@ Clark observed that by increasing the concentration of
~iron above 0.6 mgm. per liter a dapr&&aian;in the growth of

the Lemna ocourred. That nutrient solutions containing 7,
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The influence of the pH--0r resction--of the culture on
plant growth hes been found to be &apendagt épea'many other
factors. The relation of organic matier end phosphate- |
caleium ratio to the reaction of the ﬁﬁl&nral gsolution has
already been discussed. Eeveral further fagtors im plant
g:aw&h which are influencged by the resction of the medium
need to be reviewed.

~That the resction of growth media is influenced by the
growing plant has been shown by several iﬁvqstigazaﬁﬁ.
ngmgg-gﬁ@;sa$¢&:(??)‘anﬂ;éanaaféﬁﬁ) obmerved that the reagtion
.af nﬁhriént solutiong bhaving ammonium sai&a ag thai& souree
of nitrogen became more acid when in contact with the plant
reaﬁﬁ;gwﬁgle tkase containing nitratas ag the souree of |
nf%rdgﬁn‘bgaama~mﬂfeaaxkazina if the raﬁﬂtian nas arigianily
acid, and beosme more acid if the reaction was originally
alk&linﬁ; agfem investigators, ﬁ@agland}(ﬁ?,f&$},‘ﬁixan
(65), Meir and Hallstead (92), Theron (125), and Clark and
Shive (32, 33), observed s decided change in the reaction
of the nutrient solutions when in contact with thé‘plan§  
roots. ?hia~§hangavwas usually toward the ma%%jtaénfgbze'
krﬁﬁntian for growih of the test plant, and wastattribﬁted
to the uﬁaqa&l absorption of iéné, |

There ia‘ﬂnéamhteéiy a definite pH range of culture for
every species of glaat ﬁiﬁniﬁ which thi&(spaﬁxaa,aan éﬁvaiup;

normally when no other factors are limiting. Although the
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literature gives very conflicting data, the limits of
reaction for normal growth of the gr@at'magarity of plants
ean be set at pH 3.0 and 9.0. Hoagland (67, 69), ﬂﬁggar
{46), Salter and Mellvane (11l1), Bryan (25, 26, 27), Tarr
and Noble (124), Theron (185), Crist (42), Clark (36),
Waltman (135),; and Clark and Shive (31,%2) have all ob~
served that growth is‘sarien§1y~impaireﬁ or completely
gtopped for a wide variety of plents at pH's below 2,0 and
above 9.0; both Hoagland (69) and Theron (125) reported that
bermude grass survives and thrives at the limiting of 92.0.
Another gontrovergial subject is the optimum pH of the
nutrient solution required for each speeies. Olsgen (98) has
shown that a&ﬁu&tm&nt’ef the phosphate~-calgium ratio to 1/5
of that of "modified® Knop's solution shifted the optimum
pH for maize from between pH 4~5 to a reaction éf about pH
7.0. That the eptimam'pﬁ for Lemna major moves prﬂgraésively
ffgm acid reaction to the alkaline reaction with increase in
the prapértisa of ferric citrate in solution has been |
‘Qbsarw@d vy Fly (49). Prianischnikow (106), Pirschle (2&3},
‘Tiadéaﬁa and Robbins (127), Tiedjens and Blake (126), and
Davidécﬂ and Shive (43) agreed that substitution of ammonium
ﬁizr@gan for nitrate nitrogen in solution culiures caused the
optimum reaction for growth to shift from between pH 4.0 and
6.0 to between pH 6.0 and 8,0, Other very canflieting data

concerning the optimum reaction for growth of a wide variety
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to be 29° C. Rudolfs (109) observed m merked increese in
the rate of germination and elongation of bean meedlings
with an inecrease in temperature. The optimum temperature
for the growth of maize geedlings was found hy~Lahenbauer
(84) to depend upon the length of time the plant was exposed
to light. He observed thet if corn seedlings were exposed
to high temperatures end long periods of illumination there
was an initisl increase in growth follovwed by an insective
period of growth, This observation was gubstsntiated by
Andrews and Beale (4) who found that corn grew better at a
"favorable® temperature then at higher temperatures.

Bideris and Erausg (118) attributed proncunced chlorosis of
maize to the high tempsrature of the green house in which
the plants were grown., Trelease and Trelease (134) com-
pared root growth and germination of wheat in a number of
different nutrient solntions at 14° C., 199 C., and 30° C.,
and reported that for the different temperatures certain of
the solutions had nearly the same physiologiecal value, while
other solutiong showed -different physioclogical values when
tested at different temperatures. This was élsw observed
by Gericke (51) who reported that %&mpﬁrattzré had a marked
‘influence upon the mineral requiﬁemant of wheat. McDougal
(90) observed that wheat was less sensitive to high and Tow
temperatures than was corn.l Sunflower was found by Hanns

{(62) to grow at much lower temperatures than corn. The
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Galinsops was directly proparti&nal to the intensity of
winter sunlight, but that growth wee {depressed when thase
planis were exposed to more then fifty per-ecent of full
summer sunlight. ﬁsﬁby (6) grew Lemns minor in nutrient
solutione exposed to light intensities of 1400, 700, and
300 foot esndles and observed that for a fixed period of
illumination maximum growth wes obtained at 700 foot candles;
however, he concluded that the optimum intensity was probably
between 700 end 1400 foot candles. Maximum reproduction of
Lemne major was observed by Clark (35) to be at the higher
intensity when the ﬁlanﬁs were exposed for eqnal intervals
of time to light intensities of 400 and 900 foot candles.

That increased light intensity had a marked physiolog-
ieal affect on green plants wes observed by Gile (54). He
coneluded that strong light increased chlorosis by more rapid
destruction of the ehlorophyll. Inpslls and Bhive (73)
also noted an inersase of chlorosis of nlants exposed to
high light intensities, but attributed this injury to the
inerease in the reaction of the eé&l sap which would not
allew the proper transloecation of the ironm within the plant.
Gericke (53) reported that high intensities of light eaused
marked etielation and more mature but smaller plants than
low intensities. B

The importance of wave length of the light to which

plants were exposed was shown by Popp (104) who observed
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that sunlight with a wave length of from 290 millimicrons
to 720 wae the most &ff@ative source of light for plants.
This investigator also observed that when plants were grbwa h
in sunlight from which the rays ﬁhertar than 472 milli- o
mierons warefsxaluﬁed there was a marked etiolation of
~plants; the apﬁaaraﬁa& of thé p&aﬁ%s was very similar to
plants grown in greatly reduced aaﬁligﬁt. These obhserva<
tions of Popp (104) were aﬂnéirmeé by Shirley (115) and
Bl#ﬁkmaarﬁlﬂj. Both of thasa‘iﬁwastigatar& reported thsat
maximﬁm plant growth was éb%aiﬂﬁﬁ in complete sunlight and
that plants grew merefaffiaiaﬂtlg wiﬁh&u% red rays than
without blue rays. q

Eltinge (48) ?ay&ﬁ plants with the complete spectirum
of quartz ultra-violet light and observed that severe injury
resulted; hﬁwe2ar,k2? plants were exposed %o ultra wviolet
light, from which all rays shorter than 313 millimicrons
weré excluded by‘saraeaing, ne injury to the plants was
shown and in sama_aaseé the plants were stimulated in their
growth, | | |

Sayre (112) noted that the ef!@ativaﬁass of radiant
energy in the formetion of chlorophyll appears to increase
with the inerease of wave lengths up to 680 millimierons and
then to end abrupily. Sayre also observed that all wave
lengths between 300 millimierons and 680 were effective in

f@?m&tian'ar‘ahlﬁragﬁyll provided the energy value was
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sufficient, and that for equal energy velues the red rays
were more effective than the green and the green morﬁ‘
effective then the blue.

The 1eng§h of exposure of the plant to light has besn
shown by Garner and Allard (50} to be of vital importance
in the attainment of the flowering and fruiting stage of |
growth. These iﬂvee%igaﬁars abserved that plante could
reach the stage of reproduction only if the 1light period to
which they were expused fell within certain 1imits; on the
other hand, vegetative growth wes found to be directly
prayar%icnal to the lengih of exposure of the»plant to
light. They suggested the term “photo~period" to designate
tﬁe’mﬁﬁt favorable length of the day for each orgenism.

Davis and Hosgland (44) also found that growth was
directly proportional to 1light exposure. This observation
was agnfirmﬁé by Trelesse and Livingston (133). Ashby (8)
reported iﬁat the growth rate of Lemna minor was greater for
continvous illumination than fér:ahortar periods. He also
reported that growth in 2 hour slternate illumination for
24 hours did not differ greatly from that in 12 hour
iiluminatian; That the rate of growth and reproduction of
Lemna major increased progressively as the length of exposure
to light inereased was reported by Clark (35); this inves-
tigahﬁr ebvserved, however, that the plants grown in periods

~of illumination of much over 15 hours became unhealthy in



appearance, while those exposed to 15 hours lighting pre-~
sented a much better naturel vigor.

These reports confirm and extend the well known fact ’
that the external variable factors, 1ight and temperaturs,
are of the grestest importance in the growth of plants.
Generally, the growth of plants is closely correlated with
the amount of 1&@@% and degres of t@mgeraﬁuré, since rising
tempersture and light intensity are atiended, within certain
limits, by lncressed raﬁa‘af growth; outside the linmits the
stimulative effect is overcome by physiological éia%urhaneég
in the plant. The wove length of the light to which the
plants are exposed influences the growth rate and formation
of chlorophyll in the plant; the most effective wave lengths
ars cbtained from the complete sunlight or from a light

source that gives a guality of 1light similar to sunlight.

Other Faotors

Other factors that are known to be of influence in the
growth of plants, but which are of minor importance in this
investigetion are (a) effsct of seed on the growth of seed-
lings, /the successful growth of seedlings in nutrient
solutions from which some of the essential elements had
been omitted was attributaé to the elements stored in the
seed by Hixon (65), Kempton (81), Corson and Bakke (41),

and Rotunno (108)/, (b) renewal of solutions, and (c)
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volume of nutrient solutions.

That continuous serstion of the nutrient scolution in
which the plante were being grown increased the growth
responsge of the plants was reported by Beals {11), Pember
{(108), Andrews and Beals (4), Andrews (3), Allison (2), and
Clark and Shive (31); nevertheless, Loo (88) observed no
difference between paddy rice, wheat, or szuki beans grown
in non~aersted solutions and in solutions which were serated
for w minutes three times per day. - Zinzadzé (140) stated
that asration for 10 to 15 minutes, three times per day was
sufficient to renew the oxygen in the soluntions.

Barnette (9) observed that in all cases, either the use
of a large wvolume of nutrient solution or wore frequent
renewal of the nutrient solution, showed a marked advantage
for the growth of plants over the use of small volumes which
were renewed less fraquently. This observation of Barnette's
was confirmed by Breazeale (£8), Hall, Brenchley, and Under-
wood {(61), Brenchley (283), Stiles (121, 122), Hoagland (68),
Tottinghan and Rankin (131), Trelease and rwdwamwaaﬁ {133),
Barnette and Shive (10), and Loo (88).

Growth Factors and

in & study of the influence of any single wvariable

factor upon the growth of plants all the factors which have
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been shown to have a variable effect upon plant growth must
either receive consideration in the final analysis of the
data obtained, or must be fixed during experimentation so
-that their influence may be considered as a constant.

In the experimental work of this investigation several
of the factors influenecing growth are fixed as néariy ag
posgible. The species of plant used was always the s&me;
the temperature was gontrolled experimentally at 25° C.;
éxaepﬁ in one phase of the work, the plants were exposed %o
light of constant wave length aﬁﬁ‘intamaiay*was nearly as
magde lamps ere able to furnish constant 1ight; the time of
exposure was always fixed at 14% hours daily. The humidity,
which ie algo a factor effecting growth, was approximately
the same in all cases since the 51&&&& used, Lemns major,
 grow on the surface of the nutrient solution. Aeration of
the solutions was not necessary because of the large surface
éf the solution exposed to the air. Any influence on plant
growth attributed to the presence of the seed need not bhe
considered here since kgggg major is not & seedling. The
renewal of the solutions and the solution volume are eanstantg
in these exp&rimeuﬁﬁ becasuge equal volumes of nutrient
solutions were used in all caseeg and the solutions renewed
at regular intervals.

The factors which are veried experimentally as a part

of this im?ﬁﬁtiga%ian ara:»~ﬁaaaéﬂtrabien of the nutrient



solution, physiclogical balance, phosphate-calcium ratio,
reaction of the nutrient solution, and organic maiter; these
factors will be given considerstion when an interpretation

of the data is made.
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METHODS
Preparation of Alkaline Humus Extract

The method employed in the preparation of the alkalins
humus extracts to be used as the source of organic matier in
the nutrient solutions was siﬁil&r to that suggested by
Burk et al. (28). The basic stock molution of potassium
bumate was prepared by the feollowing procedure; eight
hundred grama of a peat soil, which contained a large quan-
tity of organic matter, was moistened with one liter of
approximately normal hydrochloric acid, and allowed to stand
for two bours to bring about complete solution of the cal-~
eiam salts. The resulting mixture was filtered by suctioen
and washed geveral times with distilled water to remove
completely the disgsolved salts and the excess hydrochlorie
acid. The residual matter was divided into four portions
and each portion was placed in a three liter screw-cap shaking
bottle, along with 2,250 cubic centimeters of a féﬂr per
cent golutien of potassium hydroxide. The resulting mixtures
were then agitated by means of a mechanieal shaking machine
for twenty hours, after which they were allowed %o stand for
twenty additional hours. To the mixture of s0il and dis~
solved humug was added an equal volume of distilled water

and the resulting suspension was a@ntgif&geﬁ for 15~20
/



minutes, or until the black potsssium humate solution could

be removed from the centrifuge bottles without disturbing

the undissolved soil residue. This potassium humaste solution

was saved for further purification snd the soil residue was
discarded. To the potassium humste solution was added con-
centrated hydrochloric acid until the reasction was approxi-
mately pH 1.0, a8 indicated by the pink color produced on
Orange IV indicator paper. 24 dark brown, almost bleek,
pregipitate resulted, which was alsc removed from the solue-
tion by centrifuging until the supernstant liguid could be
removed from the centrifuge bottles without disturbing the
residual material. To the precipitate remasining in the
centrifuge tubes was added Jjust enough ten per gent potas~
sium hydroxids te bring about apparently compiete solution;
this mixture was then shaken for fifteen hours to insure
moyre complete solution., To purify this potassium huomate
gsolntion fartﬁﬁ?, the golution wag again precipated with
hydrochloric acid and redissolved with potassium hydroxide,
The resulting potassium humate solution was set aside for

gseveral months; during this time a small quantity of un~

dissolved material accumulated at the boittom of the container.

The clear black solution was decanted from this residue and
was reserved for the preparation of nutrient solutions.
This potassium humate solution, whieh contained some iron,

ie designated "basle stogk solution of iron homate®.



The quantity of dry matter in each cubic centimeter of
the basic stock solution of iron humate was determined by
meaguring 26,0 cec. portions into tared ¢rucibles, removing
the major portion of the weter by evaporation on & gtean
bath, and then drying to constant weight in a 110° C. oven.
The results of this analyeis are given in Table II.

Table II. Average dry matter in the basie stock solution
of iron humate.

Volume of  Total Tared ~ Dry Dry
basie weight of welight weight matter
stock erucible of of Rb~o0. per co.
solution and dry erucible of iron of iron
of iron matter humate hume e
humate gsolation solution
ge. Grams Grams Grams Grams

25.0 22.5773  21.5073 1.0700 0.0428
25.0 . 29.3177 28,8504 1.0673 0.0427

25.0 23,5155 28.44182 1,0723 0.0429

The average dry matter in sach ¢ublc centimeter of
the basic stock solution of iron humate is shown by Table II
to be 0.0428 grams or 42.8 milligrams.
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for the indiecator (60).

Yoe (131) found that this dye gave a light green color
when the ferric ion was present in the concentration of about
1 part in 10 million and that a darker green was obtained
when the iron concentration was inareaﬁaé, Ferrous iron and
about 70 other ions produced no color with this dye; however,
if present in large smounts, titanium, tin, and ecupric ion
needed removal., Yoe found that'tha color developed best in
a solution acid to methyl orange 9&9@% and that the color
was destroyed by strong acids and beses., In solutions having
the correct reaction the color wes stable for a considerable
1ané£hvaf time; ﬁhié avoided the necessity of preparing the
fresh standards which are required by the thiocyanate method.

Tﬁa gﬁvan&ag&a of this method were combined with those
of Xoch and Mcleekin's (82) hydrogen peroxide wet oxidation
method, ,

For this procedure small micro-Kjeldahl flasks were
mads by sealing off the side arms of small Pyrex distilla-
tion flasks and calibrating them to hold 70 ec. The organic
éalntiaﬁ was oxiﬁizaé by heating with concentrated sulphurié
acid and adding the hydrogen peroxide drop by drop. The
carbon free solution was tnéﬂ analyzed for iron.

Yoe (139) stated that best results were obtained with
the "ferron® if the solution was made acid to methyl orange

paper. Aliquote of the oxidized solution were therefore



treated with 0.4Y potassium hydroxlde until just ascid to the
paper, or methyl orange was used as an internal indicator,
potassium hydroxide being added until a faint pink color
was obtained; the same amount of petassium hydroxide was
then added to & colorless segond aliquot and the iron
determined in this. In both ¢ases the resulis were some-
what ungatisfactory. There was a large color change in the
green produced by the reasgent when a slight excess of sither
potassium hydroxide or acid was present.

To determine the influence of reaction on the color, a
gtandard solution was prepﬁrea from recrystalliged ferreg&
ammonium sulfate; the ferrous ion was oxidized with bromine
to the ferric ion and the excess bromine was ramavaé by
boiling for several minutes. Various guantities of potas~
gsium hydroxide and sulfuric acid were added to equal aliquot
portions of this standard solution and the color developed
by adding “ferron®. A wide varistion of colors resulted.
Some solutions were colorless when they contained potassium
hydroxide; others wers blue-green when they were more acid;
nowever, in several solutions, which contained different
guantities of acid and base, the color was the same. The
pi walues for all these golutions were determined, and 1t
was observed that the group of solutions having the same
colors fell within the reaction renge of »H 2.7 to 3.2.

Other concentrations of iren in sitandard golutions wmere
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tested in the smame reaction range and they also grve s stable
goler. In making dilutions, therefeore, conducltivity water
which was acidified to pH 2.7 to 3.2 wag used. It was féunﬁ
that the standard iron solution deteriorated very slowly
after three days and 4id not give a color with "ferron®
equal to that in a freshly pregaré& solution; however, when
the color was éaveiapeé with the dye in the ferric iron |
standard solution, it wag found to meteh with the color in
freshly prepered solutions of the same concentration for a
period of 26 days. |

The treatment of the unknown solutions was modified to
~ eonform with this finding, After digesting the orpganic
matter with sulfuric acid and hydrogen peroxide and making
up to 70 ¢oc., & 10 ce, aliquet was removed, and O.1N
potassium hyéraxi&a added until 2 faint blue oolor was prog-
need, when ﬁiiuteﬁ to 40 co. with distilled water, with 2
drops of bromophencl blue as internal indicator; 0.8 ec. of
Q.18 sulfuric acid dbrought this to the range 2.7 to 3.8.
The esmount of sulfuric acid subtracted from the potassium
hydroxide left the net amount of potassium hydroxide required.
A fresh 25 #a‘ eliquot of the axiéizeé solution was then
used, with two and one-half times the amcunt of potassium
ﬁydraxide found for the 10 c¢c. sample, and brought exactly
to 100 c¢c. Tor negslerization, With the use of a glass

slectrode to adjust the pH, the indiestor is not necessary,



but the bromophenol blue method is more rapid.

Table III gives the resulte for an extract of soil with
potassium hydroxide~-the potassium hnméte solution. The
alkali extract of goil contained & small amount of silicate,
but this d4id not interfere, as shown in Table III. To
check this possible silicate interference further, a run
was made using the standard iron solution, but adding 0.1
to 1 mg. of silica as sodium metasilicate. The iron was
raaover&ﬁ'aaﬁpietely at each silicete 15ve1x'

The gatisfactory results from the hydrogen peroxide
oxidation and the "ferron® analysis on the known solutidns
allowed the metmég{f to be used on the stock iron humate.
Fifty ce, of the'bﬁ§1c stock solution of iron humate were
diluted to five h&nﬁi&ﬁ cc., and from the resulting solution
twenty-five ce., aligquot portions (equal to 2.5 cc. of the
basie ﬁtack‘salﬁtian of ireﬁ humate) ware $ransfarraﬁ to the
five micro-digestion flasks; the erganic matter was destroy-
~ed by hydrogen peroxide and the volume of the solution in |
sach flask was made up to 70 cc. Twenty-five cc. aliquot
portions were removed from each flask to 100 cc. Nessler
tubes and sdjusted to pH 2,7-3.2 by adding a calculated
amount of 0.1 normal potogsium hydreoxide, The csleulated
amount of potassium hydroxide added was determined by
titrating another 25 co. partimn?af each solution with the

same base until the Splor was faintly blue to bromﬁmphaﬁalf'
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blue; 2.0 cec. was subtracted from the observed value in
order to reach the 2.7-3.2 range as indicated in %hevpram
liminery experiments.

These solutions were compared colorimetrically to a
series of freshly prepared standards. The results of the
analysis are given in Tadble IV.

From Table IV the average amount of iron per ¢ubic
centimeter of basic stock solution of iron humate is 0.0426
mg. In Table I each cubic centimeter of the basic stook
solubtion wag shown to contain 42.8 mg. of dry matter, thus
for each miliigram‘af‘dry matter ﬁhare was approximately

Technigue for Lemns lajor

~In this series of experiments "growth" is used as
synonomons with rate of rapraaﬁaiianﬁ ags a general ruiE‘%ha
size of %hﬁ plants correlates well w%ﬁh the rate of repro-
duction and the msasmrem&nté were maéa here on the basis of
the latter. Lemna major reproducen by hﬁéding; the mother
and daughter fronds separate and both bud again. When
conditions suitable for growth are kept constant the rate of
régr@duakian, K, may be caleulated by using the equation
derived by Clark (35), logioN = logiglp = K(t - tg), in
which N is the number of fronds at any timé, t. The rete of

reproduction is determined graphically by plotting logyoH



Table IV. 1Iron in basic stock solution of iron humate.

Sample Aliguot

Equive Diluted Standard  Fe in  Blank Fe in Pe in
Ho. {BCco.~ alent in micro- Fe F0gc., il : 8 2.5 ceg. Basie
80Cco. ) to digegtion (2 mg. per oxi~ of basio stock
diluted basic flasks liter) dized stock sointion
iron stook to to mateh solu- solution of iron
humate s01l0- Ce. 25 ce. tion of iron humeté
Ce. tion aliquot ¥g. humate ¥g. /oo,
of iron Ce. ¥g. ;
“humete
G, | | e o
1 25.0 25 70.0 24,0 0.1344 (.0280 C.1064 0.0486
3 85,0 2.5 70.0 24.0 0.1344 0.0280  0,1064  0.0426
4 25.0 2.5 70.0 24.C 0.1344 0.0280 0,1064  0.0426
5  25.0 2.5 70.0 23,0 ° 0.1288 0.0280  0.1008  0.0403
Blankl 0.0 0.0 700 5.0 0.0280 0,0280 s i
E‘la nkg Qq 9 O . 0 5'. G A T o

70.0

0. 0280

0.0280

-GG
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against the time in Gays, t; the slope of the resulting
curve represents the rate of reproduction, K.

The plants used inr%ﬁ&salaxpﬁrimanta were free fronm
microorganisms (40) and were grown in sterii& nutrient
solutionas. The nutrient solutions used were of the mame

composition as that formulatea by Clark (36) and found by

him to give optimum reproduction ef’Lamn&'ggag; &£ pH 4.7
to 4.9. These solutions contained 0.4 millimols of caleium
per liter added as mono~ealcium phosphate, 8 millimols of
potassium as potassium nitrate, 1 millimel of magnesium ag
'.magnésium sulfate, O0.00046 millimole of manganese as n(é;gz”ﬂ>
manganous chloride, and 0,0V millimols, (aﬁéee mg.),';} |
iron as ferric c¢hloride. This»aalm%ien,wiil be designated
as "Clark's solution®. |

In 2ll esses the concentration of the elements was as
given above, except that of the iron and potassium. The
exact amount of potassium in the culturee wes not determined;
8 millimols of potsssium was added as potassium nitrate and
small variable quantities were added contained in the iron
hunate ﬁelﬁtiaﬁ. The iron concentration was varied in each
experiment and the amount will be noted in each gase.

In all experiments the plants were grown in 100 ee, of
the nutrient solution contained in a 280 cec. Erlenmeyer
fiask. The plants were grown at 25° C. in the constant

light and temperature apparatus described by Clark (38),
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the light being furnished by four 300 watt mazde bulbe for
14} hours daily. except where stated ctherwise. The intensity
of the light wae measured by & Weston Illumination Meter and
was found to be 200 foot-gandles at the surface of the plants.
The sterile plants were transferred to freshly prepared
cultures twice weskly, except where otherwise degignated;

all transfers were made in the sterile transzfer chamber (38).
A1l cultures were checked pericdically for contamination by
inoculating a sterile nutrient-agar slant with one of the
plants. VWhen there was 2 contamination, which was indiested
by bacterial grﬁwth=an the agar within a few days after

inoculation, a new culture was started..
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EXPERIMENTAL

Influence of Iron Humstes on Growth and Chloreosis of Lemna

Expe The influence of various guantities of iron

humate on the growth of sterile Lemns major at pH 4.8 and

the intensity and quality of light as growth factors..

Duplicate nutrient solutions were prepared which
contained varicus guantities of iron humate. Cultures 1l
and 2 were Clark's solutions and were used as controls for
the other cultures. Cultures 3 and 4 contained all of the
galts in the concentration of Clark's solution and enough
iron humate to give 3.664 mg. of iron and 64.2 mg. of dry
matter, thus the total iron of these cultures was 0.126 mg.
per 100 ec. culture. Cultures 5 and 6 contsined all the
salts in the concentration of Clark's solution except iron
as ferric chloride, which was ommitted, but enough iron
humate to give 0.064 mg. of iron and 64.2 mg. of dry matter;
these cultures, therefore, contained 0,064 mg. of iron per
100 ce. of culture, All of these cultures were adjusted to
pH 4.8, diluted to 100 co., and sterilized by autoclaving.

Bight or nine normally developed, sterile, Lemna major
fronds were transferred to each culture. Cultures 1, 3, and

5 were grown in the constant light and temperature chamber
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previougly described, and whieh will, henceforth, be
abbreviated by C.L.T.A. These cultures were continued for
geven weeks during which time the plante were transferred
to freshly prepared solutions once each week. At thé time
of each transfer the number of fronds in each flagk was
counted and eight or nine fronds were transferred to each
of the new solutions. The rate of r&pr@ﬁuatiaﬁ, K, was
determined graphically in Figure 1 by plotting logyoN
againet the time in days, t.

Cultures 2, 4, and &, were grown in & newly constructed
constant light and tempersture chamber which used 10 red
neon tubes as the source of light and wes held at a temper-
ature of 2859 ¢. These light tubes were 33 inches from the
plant surfaces, at which point the intensity of the light
was 100 foot-gandles. Tﬁe intensity was measured by a
Weston Illumination Meter, Model 663, which had been stand~
ardized agsinst the light produced by a tungsten filament
at 30009 Kelvin. This neon light source will henceforth be
termed R.N.C. These three cultures were grown under the
conditions of R.N.C. for five weeks with the same technique
as used in the cultures grown under C.L.T.A.; the reproduc—
tion curves for the planis in this gseries are represented by
portions & %o B of curves 2, 4, and 6 in Figure 1.

At the end of five weeks the light socurce was changed

in the R.H.C. by removing four of the red iubes, and substi-
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%@ting for them four blue mercury-neéon tubes. The intensity
of the light at the surface of the plants was found to be

60 foot candles. This light scurce will be designated
R.B.H.C. ©Cultures £, 4, and 6 were continused for two addi~
ticnal weeks under R.B.N.C. and the reproductions are
repragented by the portions B to C of curves 2, 4, and 6

in FPigure 1.

The influence of various guantities of iron humate on
the rate of growth of Lemnes major at pH 4.8 is shown by
Table V. The sffect of varying the light gquality and light
intensity upon the rate of growth is also recorded in
Table V.

Of the cultnres under mazda illumination, Clark's
solution, containing no organic matter, gave much better
growth than did either of the cultures containing iron
humate. The cultures contasining iron humete and ferric
ghloride plus iron humete gave equal responses, but the
growth was much less than in Clark's solution. The same
relative response was made by the plants illuminated with
red or with combined red and blue neon light, but the
actnal growth rate under the red-neon illuminstion was less
than under mazda, and the blue in turn less than the red.

It has been reported (48) that ultra-viclet light of
wave lengths less than 313 millimicrons is injuricus to the

growth of gome green plante. Therefore, since ithe plant



Table V. Influence of iron humate on growth of Lemna at pH 4.8. Effect of light
on rate of growth. : '

Cul- Fe as Fe as Total Total Totel K x 100 K x 100 K x 100

ture ferrie iron iron iron dry from from from
No. chloride humate Mg./L. Millimols matter Fig. 1 Fig. 1 Fig.1
Mg /L. ¥g. /L. per a8 C.L.T.A.% A to B B to Cwus
Liter iron 20O f.e. R.H.C.*®* 60 f.c.
humate ‘ 100 f.c.
¥g./L.
1 0.62 0.00 0.68  0.01  00.00 7.0 - ——
2 0.62 0.0 0.62  0.01 00,00 — 5.1 2.8
3 0.62 0.64 1.26 0,02 642,0 5.2
4 0.62 0.64 1.86  0.02 642.0 e 4.1 1.7
6 0.00 0.64 0.64  0.01 642,0 . 3.7 1.3

= C,L,T.A. PFlants &xpssaé fcr 144 hours daily ta EGG f@ﬂt—eanﬁles from mazda
lamps. Temperature 25° C.

*% R,N,C. Plants exposed for 142 hours daily to red neon lights with 100 foot
candles intensity. Temserature 25° ¢,

*¥% R,B.N.C. Plants exposed for 143 hours daily to 6 red and 4 blue neon lighﬁs
with 60 f.¢. intensity. Tempersture 25° C.

-g9=
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growth was greatly reduced after the blue neon tubes wers
used to replace part of the red tubes, it was desirable to
find what wave lengthg of light were being furnished by the
blue-neon tubes. A spectrum-photograph was taken of the
light produced by one of the blue tubes; it was found to
oontain faﬁrfiinaﬁ at tha‘sﬁgﬁl millimieron group and one
line at £96.7 millimicrons. No lines were observed below
£296.7 millimicrons and 211 those below 313.2 were barely
diﬁeérnabla on one hour exposure*. Part of the depression
might, therefore, be atiributed to the waves below 313

miilimiorons.

The influence of light intensity upon the

growth of Lemna major.

In Expsrimant 1 it was observed that the growth of
Lemna mejor was greatly inhibited when the plants were
exposed to the combined red-blue neon illumination, (R.B.N.
C.). It was also noted that the intensity of this light at
the plant surface was far lesg than that in the ﬁ;L.T;A.
with which its efficiency for plant growth was compsred.

In the following experiment five sterile cultures of
gﬁgéﬁwggjgg\era grown in Clark‘s solution at pH 4.8, at
'varxaga7é£a£aﬁ¢&a from the raé»blua neon tubes, for the

*The author wishes to thank Dr. H. A ¥Wilhelm for his
kindness in taking the spectrum-photograph.



purpoge of determining the effect of light intensity upon
growth. One oculture was grown in C.L.T.A. with mazds
illuminatioﬁ“aa a control culture. The plants were grown
for a period of six weeks; they were trauﬂfarrédfté freshly
prepared soluticns twice each week for the first thres weeks;
during the last three weeks they were transferred to new
solutions only once each week. The growth rate at each level
was determined graphically in Figure £ by the method degeribed
previaasiy. The intensities of the light at each distence
from the tubes were determined by the Weston Illumination
keter; they are raaarﬁedfﬁlaag w1th the varicus distsnces

~ in Table VI.

Table VI and Figure 2 show the influence of 1ight of
various intensities upon the grawth‘rata'sf Lemna mejor.
Cunlture 1 of Table VI is reQraﬁente@ graphically by curve 1
of Figure 2, and culture 2 by curve 2.

When the rates of growth at varicus intensities of
light from the seme source {(cultures 2, 3, 4, 5, and 6) are
compared, it is spparent that the incressed intensities give
increased growth rates; however, if the data of cultures 1
and 2 are compared it iIs seen that the rate of growth under
neon illumination st 100 foot-candles intensity is equal to
that of the control culture grown under 200 foot candles
from mazde. Apparently, for equal foot-candle power the

neon-mercury light is more efficient, but the accuracy of
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Table VI. Intensity of light and the growth of Lemna major.

Culture Source Distance Intensity K =z 100
Ho. of from of from
light light light Pig. 2
souree Foot~
inchesg acandles
1 glLbT&A‘* 21.5 EGG ?'O
2 ReB.N.C, 6.685 100 7.0
3 " ‘ 1%.25 80 5.3
4 u 19.875 78 4.5
5 " £26.5 63 2.7
6 B B3 60 3.5

# C.L.T.A. Constant light and temperature apparatus.
Illumination with mazda lamps. Temperature 25° C.
%% R.B.N.C. Red and Blue neon chamber, JIllumination
. with necon end mercury lamps. Temperature 25° .
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the Weston Illumination Meter for measuring light intensity

from neon and mercury lights in not established.

Experiment Iil. The influence of iron humate upon the growth

and aﬁlorﬁsi& of Lemna mujor at wvarious reactions.

Olgen (97, ©98) added alkaline humus %xtrae% t0 nutrient
solutions containing ferric chloride as tﬁa;aamrae of iron;
he observed a depression in the growth of Lemns major at pH
4.,0~5,0 and 8 Stimuiatiaﬂ‘af the growth at w&a&#ianﬁ mare'
alkaline tﬁag pH 5.0; the maximﬁm growth was obtained at pH
7.0. Ia cultures containing ferrie~ch19ri&e but no humus
extract the @ptimn& growth was abtainaé at pH 4.0 to 5. Q,
with poor growth and wery bad eﬁlerssig at pH 6.0«7,.0;
hawawer, if ferrie citrate was used instead of ferrie chloride,
good growth wae obtained in =211 raaéﬁians between pH é;O'éna‘
pH 8.0, with meximum growth at pH 7.0. No added stimuiatioﬁ
of growth at rezctions more basie than vH 6.0 was ahﬁerv@d
when humus extracts were added to the cultures containing
feﬁriw citrate.

It hag been shown in Experiment 1 that quantities of
iron humate depressed the growth of Lemna majer in Clark's
sterile solution at pH 4.8« To determine the influence of
various gquantities of iron humate upon the growth of ggggg‘
majoxr at variauﬁ‘reaetians in sterile solutions, a series

of 38 éaltﬁrag of modified Clark's solution was prepared.
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In all of these cultures, except numbers 28 to 34 ineclusive,
‘the total iren concentration wae 0.0l millimols per liter;
the coneentratioﬁ of iron in eultures 32, 33, snd 34 was
0.02 millimols per liter and in 28 to 31 was 0.002 millimols
per liter. The amount of iron humate in this series of
cultures was varied to give different total iron--~iron humate
proportions. As the amount of iron humate was reduced it
became necessary to mdd ferric chloride to bring the total
concentration of iron up to 0.0l millimols per liter of
ﬁu%fﬁ%ﬂt sel&tio&,

Eight caltureg conteining ferric eitrate znd three
cultures containing ferrie chloride were also prepzred.  In
all of these solutions the amount of iron was 0.01 millimols
per liter. These cultures gerved as control ocultures and
received the game trestment as the humate cultures,

The culture media were prepared from stock soclutions
and adjusted to the desired pH with prgviansly determined
gquantities of dilute potassium hydrozide or hydrochloric
acid. The pH's of the solutions are recorded in Table VII.
Bterile technique was used tﬁr@ugﬁ&uﬁ the experiment, and
all plante were exposed to the C.L.T.A. for 14} hours daily.
The experiment wes continued for five to six weeks, and the
plants were transferred ito {reshly prepsred solutions twice
weekly at r@gu1u¥ intervals. At the time of transfer the

fronds were eouaﬁaﬁ and from 15 to 20 fronds transferred to



the new solutions; this nuomber was kept fairly constant %o
insure the gsame relative responsge in all cultures.

The influaneé of warious quantities of iron humate upon
the rate of reproducticon of Lemna major in sterile nuirient
solutions of vaiiaﬂslraaatians is shown graphiecslly in Figure
%Z. The aaitureskin which the plants died within a short
time after initiation af'thé experiment were omitted from the
graph as sufficient deata was not obtained to plot the growth
ourves,

In ﬁhis series the plants developed abnormelly in certain
of the cultures, giving fronds which were sither larger or
smaller than the aversge fronds produced in sterile natrian£
golutions. In these cases the conditionms of the plants are
recorded along with the rﬁprﬂéﬁﬂ%iﬁﬂ rate, K, in Table VII.

Table VII shows the effcet of varisble gnantities of
orgenic matter, the iron humate, upon the health and rate of
reproduction of the Lemna in nutrient golutions which have
either a2 fixed concentration of iron or s variable concen-
tretion of iron. Thisg table slso ghows the influence of
reaction upon the availability of iron in solutions contain-
ing ferric chloride, ferrie citrate, and iron humate.

The date in Table VII showed that the gmm of Lemna
major wae prohibited in all solutions at pH 3.5 or 4.0; all
of these cultures died within s few days after inoculation,

The maximum growth in the solutions contsining only ferrie
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Table VII.

{continued).

Cul~= Ini~

3éuree’ Totsal

‘Tatal

vfatai

KX100

Condition of plants.

Total
ture tial of Fe in Fe in iron iron~ from -
Ho., pH iron one - ons hue iron fig.
of liter liter matexf humate 3.
solu= of of ¥g./L. ratio
tion® eulture  ocul~
Hilliw ture

25 4,0 F9015 0.000 Q.88 o= e ~==  4ied within 7 days

26 4.8 " 0,00 D 68  wme et 7.0 normally green, good growth
27 6,0 " 0010 Q.62  wem —— 5.0 chlorotic within 7 days

28 5.0 I.H. 0,002 ©.125 1825.0 0.001 5.8 vwvery small, normally green
29 6,0 " 0,002 0.125 185.0 0,001 8.8 R o R s

very thin leaves

30 7.0 " 0.002 0.185 185,0 0,001 6.7  average size, pale green,
- ‘ ‘ very thin leaves

31 8.0 " 0,002 0.186 125.0 0.001 5.2 slightly chlorotic, average

. - size, very thin leaves
32 6.0 " 0,020 1.24 1244.0 0,001 7.7 very small plant, dark green,
. , thin leaves
3% 7.0 s 0.020 1.24 12844.0 0,00y 7.7 # " 8o, @ o
. " #
34 8.0 # 0.020 1.84 1244.0 0.001 7.9 " " * ., slightly
yellow, thin leaves
35 8.0 I.Hok 0.010 0.68 185.0 0.008 6,6

normally green, average size

-~



Table VII. (continued).
Cul~ Ini~ Source Total Total Total Total Kx100 Condition of plants
ture tial of Fe in Fe in iron iron~ from
He. pH iron one one huw iron fig.
: of liter 1liter mate*f humate 3,
g0l u~ of of Hg./L. ratio
tions culture ocul=- ,
Milli- ture
mls- Mg,
36 6.0 I.Hu# 0.010 0.62 125,090 0.008. 8.3 - normally green, average
' Fe615 gize, thin leaves
37 7.0 * 0.010 - 0,82 185.0 0.005 9.2 pale green, average sige,
_ , thin leaves
38 8.0 . 0.CL0 Q.62 125.0 0.005 6.2 - slightly yellow, average
size, thin leaves
# All pH's were determined by the glass electrode method.

s

The elegtrode was

calibrated against standard buffer salu%iﬁns of which the pE had been determined

by the quinhydran& method,

The abbreviation I.H.
described previocusly.

meang basic gtoek solution of iron humete which hag hean

Total iron humate is synonymous with dry matter; the dry matter was éeﬁermiﬁed

by avaparating a definite volume of the solution of iron humata to dryness
at 110° C.

~G4~
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chloride was obtained at pH 4.8 as shown by culiure 26, and
in culture 27 at pH 6.0 the growih was grestly inhibited and
chlorosis developed within 7 days. Cultures 17-24 showed
that the maximum growth wow,aawaawmw containing ferric citrate
was at pH 5.0, with growth diminishing as the reaction in-
creaged; chlorosis was quite evident in the cultures at pH
7.0-8.0, In culture 24, containing ferric citrate at pH ®moﬂ
the plants developed normally for about three weeks, after
which the growih was poor and chlorosis was pronounced.
The data of Table VII concerning the influence of
various quantities of iron humate at different reactions
oan be seen more clearly by treating the results graphically.
A graphical representation is given in Figure 4, in which the
rate of reproduction, X, is plotted against the initiasl pH
of the nutrient solutions. |
In eultures 1 to 8 inclusive the source of iron wes

iren humate in a amua@nwﬂwwwam which gave 0.62 ng. of iron

and 682 mg. of organic residue per liter of culture. The
plants in eultures lrand 2 at pH 3.5 and 4.0 died soon after
the start of the experimenti, while those in cultures 3 to 8
developed well @mm reproduced in falrly constant rate for a
period of six weeks. The plants which developed in cultures
with the ﬁamw agid resctiong--pH 4,5~5.0--were very small
and were much darker green than the plants in the more alka-

line solutions. The plants at pH 6.0 and 7.0 were of the
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average green color of Lemna grown under sterile conditions;
the fran&'éiza of the culture at pH 7.0 was avefaga while that
for the culture at pH 6.0 was so&ewhat smaller than average.
Cultures 7 aﬁﬁ 8, at pH 8 and ¢ respectively, produced Lemns
of average size but the plantis were a very light color; they
were almost chlorotic at pH 9.0 although the chlorophyll |
seemed to be evenly digtributed in the fronds. Part #4 of
Figure 4 shows the change in rate of reproduction, K, with
variation of the initial reaction of the medium. The rate of
reproduction incresnses pwagréssivﬁiy from pH 4.5 to 7.0 and
5th&ﬁ decreases progressively as the pH increases.

Cultures 9 to 16 represent a series in which the érgaaia
matter, iron hum:te, was reduced to one half the amount of
the previous geries (311 mg. per liter) and the irsn concen~
tration was made up by adding ferric chlorids. Tﬁﬁ plants |
in cultures having a pH of 3.5 and 4.0 died within three days
after the experiment was started, snd all aﬁhefs reproduced
at a constant rate. Again in this series the §1anha beocame
gmall and dark green at pH 4.5-8.0. At pH 6.0 and 7.0 the
plants were of nofmal size and color; however, at pH 7.0
the fronds mere very thin as compared to the usual thiek,
velvety fronds produced ian gterile cultures. In oulture 15,
at pH 8.0, the plants were also very thin and had a slight
. tinge of chlorosis while those in culiure 16 at pH 9.0 bew

came badly chlorotic within two weeks, although they did



-79~

continue to reproduce at a fairly constant rate, as is

ghown by curve 16 of Figure 3. In part #B of Figure 4 it
was shown that the rate of reproduction in this series also
increaszes up t0 a value of pH 7.0, and then decreases as the
reaction becomes more alkaline. The rate of reproduction at
pH 7.0 is somewhat greater than in tha‘pr$viaus geries.

%hen the iraﬁ humate was reduced to one fifth the amount
present in the first ﬁariea, 125 mg. per liter, therehy ;
cauging 2 similar d&arsaae in the iron caneﬁn&ratian to &
value of 0.125 mg. per liter of solution, there was a shift
in the optimum reaction for reproduction from pﬁ/7yﬂ to pH
6.0 ms iz shown by part #C of Figufe 4, The plante in
ecultures 28 and 29 at pH 5.0 and 6.0 were very small but
were nﬁrmally green; at pH 5.0 they were normal in appearance,
while at pH 6.0 very thin, highly ridged fronds resulted.

At pH's 7.0 and 8.0 the plants produced very thin average
gsized fronds which were pale green at the neutral reaction
and slightly chlorotic at pH 8,0. Although the rate of
reproduction in the culture at pH 6,0 was greater than at pH
7.0, the actual growth if memsured by dry weight probably
would have been the samﬁ, s$npa'$ha plants at pH 6.0 were
very much smaller than tha:ée gt pH 7.0.

In cultures 32, 33, and 34 thﬁlqaantity of iron and
organic matter in each culture was increased to double the

smount in the first series. This gave an iron concentration
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of 1.284 mg. per 1£tér and 1244 mg. of iron humate. In theae
cultures (pH 6.0, 7.0, and 8.0) the plants were saalier than
in any series attemplted, and devslﬁp&ﬁ into very thin highly
ridged fronds which were very dark green at pH's 6.0 and 7.0
and were slightly ehlorotic at pH 8.0. In part #D of Pigure
4 it will be noticed that the rate of reproduction was prac-
ticaelly identical st all resctions.

Cultures 35 to &8 represent a series in which ths iron
humate was reduced to 125 mg. per liter of mutrient solution
(one £ifth of the first series of this experiment), and the
iron content was kept at G.ﬁﬁfmg.,ger iiter by =adding ferrie
ghloride; the resctions of t&aae solutions were adjusted to
5.0, 6.0, 7.0, and 8.0. The rate of reproduction, K, in this
gseries was shown to have an opiimum at pH 7.0, in part #E of
Figure 4, with the rate decreasing as the reaction became either
more acid or alkaeline. In this series the rete of reproduction,
K, is a fairly good indicator of the growth rate since the
gize of the plants st all reactions was about equal. The
plants in the solutions with the lowest resction {pH 6.0)
were normally green; the depth of color decreassd as the
alkalinity of the solutions increased until at pH 8.0 the
plants were slightly chlorotic,

From the data of Table VII and Figures 3 and 4 it was
concluded that the optimum growth of Lemns was at pH 4.5 to

5.0 for the ferric ehloride and ferric citrate geries, and
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that growth decreased and chlorosis incressed as the reaction
became more alkaline. In the series containing various quan~
tities of iron humate, the optimum growth was at pH 7.0 when
the concentration of the iron was Q.68 milligrams per liter
and the ratio of the total iron to the iron humate fell ﬁiﬁhﬁn
thﬁléaage of 0.001-0.005; the optimum response was obtained at
a Qati®>af 0.002. When the iron concentration was reduced to
0.125 milligrams per liter and the iron-iron humate ratio was
0.001, optimum repreoduction was obtained at pH 6.0, but, when
the iron was increased to 1.25 mg. with the same iron-iron
humate ratio no noticeable difference was observed in the
reproduction rate at pli's 6.0, 7.0, or B.0., In all the
cultures containing humates of iron, some chlorosis developed
when the reaction begame more slkaline than pH 7.0; this
condition was more evident in the cultures having the lowest
quantity of iren. The growth st pH 8,0 decreased progres- |
gively as the amaﬁnt of organic matter decreased; the &axim'
mum growth was obtained in the culture containing the largest
gquantity of iron and organie matter. |

By comparing the results of these experiments in which va-
rious forms and amounts of iron were used, it was observed that
ferric chloride and ferric citrate produced the best growth at
pl 4.5 to 5.0, while cultures containing irom humate gave the
best response at pH 6.0 1o 7.0-~the maximum géawzh rates in the
iron humate series were greater in every case than in the ferrie

¢hloride or citrate series, Further, the growth of Lemna
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in sterile nutrient solutions is depressed by the organic matter
'at pH 4.5 to 5.0, and stinulated %y it in cultures of more
alkaline reactions. The orgamia matter alsc aids in better
plant development by preventing chlorosis at reactions of

p?i 6bg““‘7wg.

Influence of Phosphate~Calecium Ratio on Growth and Chiorosis

in Lemna

It was shown in the previous experiments that organic
natter--the iron humate~-was effective in preventing chlorosis

and stimulating growth of Lemna in eultures of Clark's solu~

tion at pH 7.0, and that chlorosis soon developed in cultures
- eontaining no organic matter when the reaction was pH 6.0 or
above. The same observation was made by Olsen (98) with
Lemna in a modified Knop's solution, but he reported also
that, with the reaction at pH 8.0, the plants were again
normally green and gave good graﬁth in solutions eontaining
ne organic matter; maximum chlorosis appeared at pH 6.0~-7.0.
This unusual result at the alkaline reaction was attributed
to the precipitation of the caleclum phosphate and the conse-
gquent lower phosphate concentration in the solution at pH
a;e, ag compared to solutions at pH 6.0~7.0 where chlorosis
was most severs. B§ rBduaing the ph&sﬁhéta-can&antration of
Knop's soiution to one fifth the ususl guantity Olsen was

able to grow maize plante for 1B days without chlorosis
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developing at pH 6.0 to 7.0; maximum growith was obtained at
pH 7.0,

From Olsen's results it seemed that plants would grow
normally without organic metter st pH values from 6.0 to 8.0
provided the phosphate~caloium ratio was kept within definite
limits. An attempt was therefore made to establish these

limits for Lemna in & numbsr of sterile solutions,

Experiment 4. Growth of Lemna in sterile modified Knop'e

solution of warious phosphete~caleium ratios.

The basal aalﬁzian aaéd in this experiment was iden-
tieal with the modified Knop's solution used by Olsen (98)
and its composition, along with that of ﬁlﬁrk*ﬁ nutrient
solution, is shown in Table VIII.
| The modified Knop's solution was prepared from re~
erystallized salts, and from conductivity water which had
been distilled three times; the last distillation was from
a Pyrex glass still. To vary the phosphate-caleium ratio #s'
desired the amount of mono-potassium phosphate in each
eulture was reduced to give the correct quantity of phosphate.
In some cases the potassium concentration was brought dback
to the original amount by\sdding definite quantities of
potassium sulfate or potassium chloride. One hundred ce.
of the nutrient sclution were @t@?&f&é from the more

congentrated stock solutions, and adjusted to pH's 4.0,
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Table VIII. Composition of solutions.

Clerkts solution

Aomoniunm

yﬁlemeﬁﬁ ﬁﬁﬁifieé Enop' solution
- or congentration . . tongsntration
Radical ¥g./liter HMillimols ¥g./liter Millimols
per liter per liter
Caleium  101.830 2.54 16,034  0.40
Yagnesium  19.730 0.81 24.870 1.00
Nitrate 402.480 6.49 496.100 8.00
Sulfate 78.240 0.81 96,420 1.00
Potassium  101.780 ' 2.59 312.800 8.00
Phosphate  104.690 1.10 76.040 0.80
Boron 0.044 0.0040 e —
Iron 7.020 0.1260 0.619 0. 0100
Hanganesge 0.123 0.0028 0.028 0. 0008
Zing 0.057 0.0008 e S
- —— 1,017

0. 0890
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5.0, 6.0, and 7.0 by adding meamsured quantities of potassium
‘hydraxiae, These solutions were sterilized by autoclaving,
allowed to cool for about 24 hours, and the pi was determined
by the glase electrode. The cultures which originally had a
pH of 4.0 and 5.0 remained at that walue for 24 hours, while
those at pH's 6.0 and 7.0 bscame much more acid. To over~
come this decrease in pH by asuloelaving, excessg base was
aﬁéed_haf@rs sterilizing umtii & measured qu&ﬁtity of the
potassium hydrexide would give a reaction of pH 6.0 and 7.0
or more after the £4 hour yériadi In all cages g large
quantity of precipitate was formed in the solutions at pH's
6.0 mnd 7.0,

Two series of 40 of these autoclaved solutions, which
gontained phosphate~ecalcium retios va?ying from Olsen's (98)
highest ratic to one fourth of his lowest, wexé prepared;
these ratlos are réaerd@é in Table IX along with the con-
e@ntratiaﬁ of pheﬁyhéte; aaiaimm; and p@tgasiué in sach
ealturg.‘ |

ﬁanaétsrila plants were grown in one geries of these
aterilized solutions, but as the reaélts were similar to
those of the sterile cultures, the data concerning that
geries are oﬁitﬁa&.

Lemna plants, free from micro-organisms, were grown in
the solutions of the second series for a period of five weeks;

during this time the plants were transferred te freshly



Table IX. Influence of various phosphate-~calcium ratios in modified Knop's solution
on reproduction and chloresie in Lemna.

Cul~ Ini~ Phosphate (Calcium Phosphate~ Potassiunm Kx&a@y Condition of plants

ture tial concen- CONCHN~- Calcium concen-
Ho. pH tration tration ratio tration
¥illimols ¥illimols Billimols
per per per
, | Liter = Liter Liter IS
i 4,0 1.10 2.54 0.432 2.59 3.7 normally green
2 5.0 1.10 2,54 0,432 2.59 3.7 " .
3 6,0 1.10 2.54 - 0.432 2.59 3.5 slight chlorosis in
‘ 7 days
4 7.9 1,10 2.54 0.43g £.59 3.5 slight ehlorosis in &
' 7 days o &
5 4.0  0.88 2.54 - 0.346 2.37 6.7 normally green ‘
6 5,0 0,88 2.54 0.%46 2.37 7.2 normally green
8 5.0 0.8  2.54 0.346 2,59 5.2 " "
9 6.0 c,.88 2.54 0.346 2,37 4.7 slight ehlorosis in
' : 7 days
10 6.0 0.88 2.54 0.346 2.59 4.2 oo # »
i1 6.C c.88 2.54 0,246 2.59 5.0 o * N
12 7.8 0.88 2.54 0.346 2.37 3.5 8 u v
13 4.0 0.66 2.54 0,259 2.12 7.5 normally green



Tahle IX.

{continued}.

B3

Cul- Ini- pPhosphate Calcium Phosphate- Potassium Xx100 Condition of plants
ture tial  oconcen- congen-  Calcium coneen~ )
¥o. pH tration tration ratioc tration
¥illimols Hillimolse Hillimolse
per per - per
Liter Liter Liter
14 5.0 0. 66 £.54 0,859 2.12 6,0 normelly green
is 6.0 C.686 £.84 0,259 2.12 4,7 glight chloresis in
7 days ,
16 7.8 C.66 2,54 0.259 2,128 3.7 slight chlorogis in
: 7 doys
18 5.0 C.44 2.54 0.173 1.94 647 "
19 6.0 Q.44 2.54 0.173 1.94 6.0 s5light chlorosis in
7 days
20 7.9 Q.44 2.54 0.173 1.94 B2 slight chloresis in
, ' 7 daye
21 4,0 0.33 2,54 0,130 1.88 6.2 normally green
ge 5.0 Q.33 2.54 0. 130 1.82 8.0 ? #
23 6.0 Q.33 2.54 0.130 1.82 5.5 slight chlorosie in
} 7 days '
24 7.19 0.33 Z.84 $.130 1.82 3.0 slight chlorogis in
7 days
25 4,0 C.28 2.54 0.086 1.71 7.0 normally green
26 5.0 0.82 2.54 0.086 1.71 6.8 " o
27 5.0 0.22 £2.54 0.086 2.5% 6.8 6 R
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prepared solutions twice weekly st regular 3 and 4 day
intervals. Sterile technique was used throughout and the
plants werse exposed £0 C.L.T.A. far‘léélﬁﬁﬁrg daily. At
each solution renewal the number of fronds was counted and
from 10 to 20 fronds were transferred to the new solutions.
The general appearance of the plants was observed and record-
ed at the time of eaoch transfer.

The initial resction of the cultures, the concentration
of the phosphate, caleium, and potassium, and the phosphate-
galeium ratio recorded in Table IX along with the rate of
reproduction and the general condition of the plants pro-
duced at various reactions of the nutrient solution. Cultures
1 to 4 had a phosphate-calcium ratio egual to Olsents (98) |
highest ratio and cultures 25-32 furnished a ratio equal to
his lowest; cultures § to 24 had intermediate ratios, and
cultures 3% to 40 had ratios which were smaller than his
lowest.

Cultures 1 to 4, representing Gla&n’a‘(ﬁa} highest
phosphate~caleium ratio at pH's 4.0, 5.0, 6.0, and 7.9,
gave very poor growth at all reactions; chlorosis developed
within seven days in the gultures at pHH's 6,0 and 7.9. In
gultures 25 to 32, which correspended to Olsen's low phos-
phate-galeium ratio, the growth of the plants at pH 4.0 to
5,0 was good éuriﬁg the entire experiment, but the plants at

pHYs 6.0 and 7.7 becume definitely chlorotic in 17 days.
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The cultures which contained petassium sulfate, 27 and 30,
or potassium chloride, 28 and 31, (added to asdjust the
potassium congentration to the value »a.wwm high phosphate
series) showed no marked difference from gimilar cultures
containing & lower coneentration of potassium, 26 and 32.
The cultures which contained phosphate~caleivm ratios be-
tween these twoe series showed the same general wﬁwamm the
wwwnam developed normally in all eultures at pH's 4.0 and
5.0 and poor growth and chlorosis develeoped in the mors
basic reactions, COultures 33 t¢ 36, which had & phosphate~
oaleium ratio of one hslf Olsen's low ratio, geve the same
general results, although the chlorosis did not develop
until after 24 days in the solntions at pH 6.0 and 7.19.
Cultures 37 to 40 which had one fourth the wam@mww@;amwt
eium ratio of Olsen's low ratio showed the same response as
the cultuyres which contained one half the low ratio.

Since the results of this experiment did net conform
with those reported by Olsen (98) for maize, it was decided
to check the results by using a solution for awwAwmmWw‘wu
which no precipitste was formed, so that the concentration
of the elements in contact with the plants wonld be identical
with the amount added to the solution originally.

Experiment 5. Growth of Lemna in modified Clark's solution

of warious phosphate~calcium ratios.



Qlark's nutrient solution, the composition of which ig
given in Table VIII, was used as the basal stock solution.
for this investigastion. This solution contained 0.4 milii~
mols of calcium and 0.8 millimols of phogphate per litsr,
with a phosphate~caleium ratic of 2.0, Instead of the ususl
mono-geleium phosphate, which serves as a source of both
caleium and phosphate in this solution, calcium niﬁra%a and
menﬁ*patassinﬁ phosphate were employed to give these ions.
The caleciunm was used in the concentration of 0.40 millimols
per 11ter; which was shown by CUlark (386) to be guitable for
the growth of Lemna, and phe rhosphate wasg varied from 0.160
nillimols to 0.00032 miiiim&lahyer~11%@r, by varying the |
guantity of mono-potassium gh&ﬁphate added to the cultures.
Ten oultures were prepared and the pH edjusted to 7.0 by
adding experimentally determined quantities of a dilute solw
ution of potassium hydroxide. The final volume was made up
to 100 e¢c. and the solutions were sterilized. HNo vieible
precipitete was observed in these solutions after sterili-
zation and standing for 24 hours.

The cultures described were used for growing Lemns free
from micro-orgenisms. These plants were transferred %o
freshly prepared solutions twice weekly at regular intervals
for five weeks., Sterile technique was used throughout and
plants were grown in the C.L,T.A, light chamber with 14%

hours illumination deily. The pH's of the media after



-G
growth were determined at the time of each transfer; the
average pH of each culture for the duration of the experi-
ment ig recorded in Table X.

Graphs of the reproduction rates, K, for the plants
grown in solutions of the various phosphate-palcoium ratios
are shown in Figure 5. The values for K, along with the
phosphate-calcium ratios, the concentrations of the phos-
phate and calcium, and the average pH's of the exhausted
‘solutions are given in Table X,

From the data of Table X it can be seen that the repra¥
duction rate increases as thé phosphate~calceium ratio de; :
ereases from 0.16 to 00,0130, and then decreases as the r&ti@n
became smaller. The plants in cultures dn& to slx inalusi&a 
were chlorotic throughout the experiment, with the axseptia&,
of culture 4 which was chlorotle at first but turned green
after the culture became contaminated with micro-organisms.
Cultures 7 to 10 which had phaaph&tm~aal¢ium ratios of 0.064
to 0.0008 remsined normally green, but the growth was very
poor and the roots becsme very long.

411 the plante in the series desveloped severe aﬁlefoais'
when the average pH's of the exhausted solutions remained
above 5.4, but were normelly green when the &verag@ pH fell
below 5.4. This is parti@ularlyfﬁutieaabla in culture 4
foriginal pH 7.14) in which there was & contamination afi&r

% weeks; bafore the contamination the pH of the cultures



Table X. The influence of various phosphate-calcium ratics in modified Clark's

gsolution on the reproduction =2nd chlorosis in Lemna:
trice weekly.

new golutions

Orig-

Gongenw

Average

Kx1l0C

Cul=- Concens Phosphate- Condition of plante
ture inel tration tration c¢aleium pH from
Ho. pH of of ratio of used Fig. &
rhosphate ealcium solntions
¥illimols Eillie- - at time
per mols of
liter. per transfer
liter
1 7.08  0.18000 C. 400 0. 4000 6,77 3.7 chlorotic throughout
experinent
2 7.07 0.08000 0.400 C. 2000 6,60 3.9 v w A
&
3 7.14 0.040C0 C.400 .1000 €.595 3,7 N # '
4 7.14  0,02000 C.4C0 G, 0800  B,8T7=5.07 5.2 chloretic, But becams
green after a bacterial
eontemination
5 7.07  C.01000 0.400 0, 0280 5.74 6,0 e¢hlorotie throughout
~ ~ experiment
6 7.0%  0,0081C 0.400 0,010 5,43 6.2 " *
7 7.07  0.00260 C. 400 0. 0064 5.00 4.5 normally green, average
size, long rootis
8 7.07  0.00130 0.400 0,002 4.71 4,5 normally green, badly
bunched,; long roots
g 7.05  C.00064 0.400C C.0016 B.13 3.1 o u
10 7.04  C.00032 0.400 C. 0008 5.60 £.7 normally green, badly

bunched, very long roots
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dropped to about 5.87 and the plants were chlorotic, after
econtemination the pH of the aalu%;an dropped to a pH of 5.07
and the plants again developed chlorophyll and showed
stimulated growth.

With this obeervation in mind, a renewel of the series
was made, with more frequent changes of the media, to
determine whether the low phosphate-calcium ratio or the
6§erease in pH was the factor which allowed development of
normally green plants.

The same solutions and technique were employed as before,
except that the plants were transferred to freshly prepared
\aolutians évary 24 houréwﬁa that the pH of the solutions
might be kept more nearly constant. The rates of‘r&praéaeé"
tion, K, were obtained graphically from Figure 6 and are
recorded along with the concentrations of the solutions,
and the average pH's of the solutions at the end of each
days growth in Table XI.

‘The deta in Table XI showed that chlorosis developed
- in all the cultures regerdless of the phosphate-calcium
ratio, when the pH's of the solutions were retained at
values above 6.0. By renewing the solutions daily the pH's
could be kept at values above ﬁ.o'inkbultu:as containing
phosphate~calceium ratios from 0.40 te 0.00080.

After using this wide range of phosphate-calcium ratios

without any success in preventing chlorosis at pil 7.0, a&n



96~

Le

9g°9

320000

s s ] 8000°0  00%°0 'L 01
v o " # (AR 2e'e 9100°0 009 *0 $9000°0  Q0°4L 6
P # W 1°9 839 3200°0 00% "0 02100°0 40°L 8
s 18 o L*G gvo ¥900°C 00¥%°0 098000 LO'L L
u ow # " £°9 gt *o 02100 00V *0 g1800°0 204 9
P “ " g2'e 289 08300 00% 0 ODOTO*0 LO*L g
W oH s " L9 L8°9 00800 QO¥ 0 000300  PI*L ¥
T " a 2°'9 LL*9 00010 Q0% 0 000900 P14 e
# e u " a4 GL*9 00038 °0 0% 0 Q0800  LO*L 3
gdep T UT °T30I0TYD L°9 88*9 00070 0070 o0091"0  30°L T
: S , — oo e ———
gI00Y Ted Je3171
3 sLouw aed
9378 -TITIA  STOWITITITH
guorqnios wnioTes eo%sydsoyd
9 *J14 Jo ot3ex o Jo Hd  ton
v wWox} 1d WAISTEL  uoTlvIl uotsBeIg 18uT eang
gqueTd JO UOTIIDUOD  OOIXY eBeaeay -pgeudsoyd ~UedUon  ~ueduol ~Ftag ~L0YO

“£118D wﬂawwwﬁ@m aeu H

TEEST wY STS00T40 DUS Y30IB ou3 UO uOTINTOS
8 ,X8TD POIJIPOW UT SOTel WAToTeo-sqeudsoyd SnOTJEBA JO eOUSNTJUT eyl °IX oT9el



e B0



attempt was made to duplicate Olsen's (98) findings in non-

sterile solutions.

Experiment 6, The effectiveness of various phosphate-caloium
‘ratios in the prevention of chlorosis in Lemna at different

reactions in non-sterile cultures,

The modified Knop's solution as given in Table VIII,
and a aimilar solution containing one fifth the quantity of
phosphate, were used in this experiment; the phosphate-
galoium ratios were 0.432 and .0B6 respectively. <Clark's
solution was also used and was altered, as in Experiment 5,
to give two serier of 0.400 and C.080. The media were
prepared from stock solutions and were adjusted to pH's
4,8, 6.0, ?;ﬁ, and 8.0 by adding measured quantities of
potassinm hydroxida,

Eight to ten normally green Lemna fronds were placed
in 100 cc., of each of these solutions and exposed to mazda
illumination at 25° C. for 14} hﬁuia ﬁaily; The plants
were transferred to freshly prepared sclutions each day for
one week, at which time the number of plants in each culture
' was reduced to 16 fronds and the daily transfers to new
solutions continued for an ndditional 10 days. At the end
of the 17 days the plants of each culture were removed %o
petri dishes and & photograph was made of the entire series

to show the state of the plants.
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The condition of the plants along with the coneentration .
of the caleium and phosphorus, the phosphate-~calcium ratiaﬁ, ’
the initial reactions of the solutions and the rate of
reproduction, K, are recorded in Table XII.

The data in Table XII show that all cultures with an
initial pH of 4.8 developed normally for a period of geven~
teen days (Plate I). All cultures which had initial pH's of
7.0 and 8,0 developed severe chlorosis within seven days,
although the reproduction rate in modified Clark's solution
was in most cases about equal to that of the more acid resc~
tion., In the Knap*a solution the plants in the culture at
.p% 6;0 were only slightly chlorotic at the end of 17 days,
while those in the culture with the ratio of 0.086 were
normally green; also, the pH of the solution with the high
ratio fell te a value of 5.90, while the pH with the low
ratio fell to 5.55. In the modifjed Clark's solution at pH
6.0 the plants were normally green at both ratios.

This attempt téjﬁupliéate Olsen's (98) results with
Lemns in ﬁﬂnnmtarilé:media wag ﬁnaﬁacaasfulg the plants iIn
both Knop's and Clark*s solutions of different phosphate—
geleiom ratios became chlorotic and growth was inhibited
when the initial reactions were more alkaline then pH 6.0.
Thig variation in the results can hardly be stiributed to
the differences in the technigue used. Olsen used 500 cq.

cultures in which the reactions were adjusted daily with



Table XII.

Growth ¢f Lemna in non~sterile gultures of various phosphate-caleiun

ratios: dalily change.

Cul-

Solu~ Orvrig-~ Aversge Calcium

00T~

Phosphate Phosphate~ Kx100 Appearance of
ture tion  insl pH goncen~  concen- calcium plants
Ko. nanme plt of tration  tration ratio (see Plate 1)
solutions Xilli- Hillie '
et end of mols mols
24 hours per per
liter liter
1 Knop 4.8 4,62 2.54 - 1.100 0.432 7.1 normally green,
average size
2 " 6.0 5.21 2.54 1.100 0,432 5.2 slight chlorosgis
, in 17 days
3 # 7.0 6.96 £.54 1.100 0.432 3,5 definitely chlorotic
: } in 7 days
4 " 8.0 T3 2.54 1.100 0.432 = 3.2 " . 9
5 " 4.8 4.850 2.54 0,820 0,086 7.5 normally green,
average sige
6 " 6.0 5.58 2.54 0. 220 0,086 7.0 " "
7 7 7.0 6.84 2.54 0.220 0. 086 6.0 definitely chlorotic
' in 7 days
8 " 8.0 7.31 £2.54 0.220 0.086 * v "

5.0




Table XIX.

(continned}.

Cul-

Orig- Average Calcium

Phogphsate

Phosphate-

Ex100

App@aranae of

0,032

. 080

S0lu~-
ture %tion  ina2l pH goncen~  concen- calecium " plants
¥o, nanme pE of tration  tration ratio (see Plate 1)
solutions Milli- | Millie
at end of mols mols
&4 hours per . per
liter  liter
9 Clark 4.8 4,585 0,40 0.1860 0,400 5.0 normally green,
| . average size
10 § 6.0 5.867 0.40 0,160 0,400 5.5 defiﬂiteiy chlerﬁtia
in 7 days
11 # 7.0 6.52 0.40 Ge160 0.400 5.5 " " "
12 5 8,0 7.0% C.40 0.160 0.400 4.5 “ # "
13 " 4.8 4.67 0.40 C.032 0. 080 6.5 normally green,
average size
14 H 6.0 4,93 0. 4C C.C3E 0. 080 5.8 " .
15 w 7.0 6,65 C. 40 0.032 0.080 5.5 wvery chlorotic
‘ in 7 daysg
16 * 8.0 6.65 0.40 5.7 s #

=TOT=-
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Plate I. Growth of Lemna in non-sterile nutrient solutions
with various phosphate~calcium ratios.
(Horizontal row 1, cultures 1-4 of Table XII.)
(Horizontal row 2, cultures 5-8 of Table XII.)
(Horizontal row 3, cultures 9-12 of Table XII.)
(Horizontal row 4, cultures 13-16 of Table XII.)
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renewals every five days, while in this investigation tha:
culture volume was 100 oc, with daily renewals., Light and
temperasture may be the clue to the difference, but Olsen :
414 not record these conditions. Under the conditions used
~in the experiments reported here Lemna did not reproduce in
alkaline medisa without chlorosis appearing unleass organic

matter was present.
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DISCUSSION

During the early part of the present century seversl
investigators h@lievaﬁ that there existed organiec compounds
which were essential for the normal development of plants,
in the same way that vitamins were considered essential for
| the normal deﬁel&pm&nt of animals; to these unidentified
organie substances Bottomley (12~210C) sssigned the name
*auximone?, which means growth-promoting. He suggestisd that
these auximones were present in the seeds of plants, in
the organic matter of the soil, and in treated peat. Both
Bottomley and Hockeridge (93, é&) found that Lemna failed
to grow and reproduce in strictly inorgenie solutions, bﬂt
that growth was satisfeactory when organic materials such as
manure, peat, or soil were added to these solutions.

The gonclusions, which Bottomley drew from his experi-
ments with Lemna and other plants, were not confirmed by
"~ other investigators. Clark (34, 36}, Clark and Roller (39,
40), Wolfe (137), Sasegsr (110), and Ashby (7) found that
Lemns would grow and reproduce normally in nutrient solutions
devoid of organic matter when the solutions were properly
balanced. In genersl, these workers reported that small
guantities of organic matter tended to stimulate plant

g?ﬁ%th, but were not essential; Clark showed that sometimes



~105~

organic matter d4id not affect the Lemna, and that occasion-
ally the growth wes depressed.

Other investigstors have successfully grown seéélings
in strietly inorganic media of various compositions without
any noticeable sdverse influence on the growth, but their
success might be ehaiiané%d sinee, in most cases, the
akperimaatg were carried out under aenmsierile conditions

‘and in the presence of the sged from which the plant was
praauéeé; both bacteria and the seed were considered by
Batbamlaﬁ (12, 20) to be a source of “auximones®. For this
investigation Lemns major was used as the test plant because
it could be grown under controlled conditions in sterile -
nutrient solution (38), éﬁﬁ it ﬁaﬂ no seed freom which to
raceive stimulation.

Olsen (97, 98) observed that the reproduction of Lemna
was stimulated by alksaline humus extracts at reactions more
basgic than pH 6.0; he attributed this stimulation to the
presence of a complex organic iron molecule from which the
iron became available to plants at reasctions st whieh in-
organic iren was known to be assimilated with difficulty.
Olsen garried on his investigations under non-sterile
conditions; it is at least pomeible that his results may
have been influenced by the presence of both bacteria and
organic matter and not by the organic matter alone. éurk

et al. (28) reported that the stimulation of growth of
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azotobaster and tomatoes was also proportional to the iron
content of the humie acids added to the nutrient solutions.

-In this investigetion an alkaline humus extract, (ifen
humate), containing = known quantity of iron, was used as a
part of the sterile nutrient golutions in which the Lemna,
free from micro-organisms, were grown. The amounts of the
iron humate, and the total iron-iron humate ratios, were
varlied in order to Tind the effect of both iron and organic
matter on the growth., Since Olgen (97, 98) observed that
the stimulative effeet of alkaline peat extracts was most
manifest at pH 7.0, the plants wers grown at various reactions
from pH 3.5 to 9.0.

In all cases, the presence of iron humate in cultures
more acid than pH 5.0 caused a depression of the growth of

Lemns, regardless of the concentration of the iron or the

iron humate; however, at pii 6.0 and above, the growth was |
gtimulated greatly by additiong of iron humate., That a
definite iron~organic mstter balasnce is needed for maximum
gtimulation of nlant growth was shown by the fact that
stimulation was decreassed when either the iron concentration
wag decreased, or when the organic matier was increased
above gertain limits; the maximum growth was obtained in

the culture having a total iron-iron humate ratio of 0.002,
and a total concentration of irén of C.68 mg. per liter at

pH 7.0. In solutions at 7.0 the iron humate was completely
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effective in the prevention of chlorosis; as the reaction
became more alkaline (pH 8.0~2.0) slight chlorosis develeped,
but this was not comparable to the chloresis in cultures
econtaining no organic matter.

Hhether the iron is present as a complex molecule which
¢an be assimilated directly, as postulated by Olsen (98), or
as a complex molecule which ionizes to give svailadle iron~
ions, as Hopkins (70) believed, is a subject for further
experimentation. In contrast t¢ thie, the theory, also
anggeétsé by Olsen (98), that the iron is present in 1rmn.
humate in a manner similar to the iron in ferric citrate,
can be questioned, since it was observed that the citrate,
with the same concentration of iron, was not efféctive in
preventing chloresis at pH's above 6.0 but actually gave
optimum growth response at pH 5.0. This conformed with the
findings of Fly (49) who observed that the optimum pH for
the grawtn of Lemna depended upon the guantity of ferric
citrate present. Fly found that the optimum pH progressed
from pH 5.0 with 0.5 mg. of Fe per liter to 7.8 with 32 mg.
of Fe per liter.

There was some indicstion that the iron humste may
have acted by furnishing available iron ions as postulated
by Hovkins. It wae observed thst the total iron—iron humate
ratic was a factor in the effectiveness of the organic matter

in stimulating growth at pH 7.0; the optimum growth was



«108~

obtained at a ratic of C.002 for a total concentration of
iron of 0.62 mg. per liter. If the iron was added in excess,
causing a decresse in this ratio, the growth was inhibited
at pH 7.0 and the optimmm reasction for growth was moved from
pH 7.0 to 6.0, thereby indicating that the excess of iron
may hayve decreased the ionization of the iron humate mole-~
cule, and this in turn decreasgsed the aveilability of the
iron. An increase of the organic matter with the iron
remaining constant also caused a depression 6? growth at

pH 7.0 and this ecould be explained by the same reasoning.
Thia theory seemed to have more support in the experimental
results reported here than the theory that complex organic
iron-humate molecules were absorbed directly by the plant,
gince an increasse either of iron or of organic matter
depressed the growth. A third possibility may be suggested.
The organic matter may serve as a c¢olloid which adsorbds the
iron and releagses it to the plant as the inorganic iron =alt,
but to prove any of the theories would need far more data
than were obtained.

The influence of organic matter on plant growth depends
upon the reaction of the solution to which it has been added
and upon the type of organic matter. In the nutrient solution
used in this experiment it was clear that the iron humate
was eséential for the normal development of Lemna at reactions

above pH 6.0 because of its property to make iron available
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to the plant, and that it wags unessential and even undesirable
at reactions in whieh the inorgenic iron is aveilable~-pH 4.5
to 5.0. ‘

Olsen (98) reported that proper adjuatmé&& of the physio-
logieal balance--the phosphate-caleinm ratiawwprecladéd the
need for organiec mattéf to prevent nhlarcﬁisﬁin plants grown
at neutral reactions. By the adjustment of the phosphate~
calcium ratic t¢ a wvalue of 0,086 in terms of millimols per
liter, he was able to grow maize in nutrient solutions contain-~
ing no added organic matter without any evidencs of chlorosis
at pH's 6.0 or 7.0. He attributed the appearance of chlorosis
in plants grown in nutrient solutions of high phosphate-
calcium ratios to the precipitation of the irom in the vaseﬁiar
bundles of the plant as ferric phosphate, and not to the un-~
aveilability of the iron in alkeline aéla&isns. Theron (185),
on the other hand, determined the pH of the oxpressed root
julces of several plants and concluded that the concentration
of the hydroxyl ion wae hardly sufficient to prevent transwy
location of the absorbed iron.

In this investigation several attempts were made to
establish the optimum phosphate~caleium ratic for Lemna at
neutral resctions with the hope of eliminating the nﬂﬁeaaiﬁy
for keeping the reactions of the inorgenic solutions at pH
4.5 to 5.0, 1If this could be accomplished, the influence of

organic matter on growth, apart from its influence in making
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iron more available for plant essimilation in neutral cultures,
could be further investigated.

In Experiment 4, Enop's sclution with phosphate~calcium
ratios varying from 0.438 to C.022 wasg used for Lemns cultures
at pH's 4.0, 5.0, 6.0, and 7.0~8.0. The sterile plants were
grown in these cultures for five weeks, and it was observed
that in every case the plants became c¢hlorotic when the‘initiai
reactions of the solutions were pH 6.0 or above; however, the
chlorosis was delayed in its appearance in the cultures having
the lower ratios. The sclutions which were adjusted to initial
reanstions of piits 6.0 and 7.0 before sterilization dbecame
pmuch more acid after sterilization. To overcome this decresse
in pH, enough potassium hydroxide was added to give the desired
reaction after sterilization, but in a number of caseg the
pH's of the solutions approached a value of 10 before steri-
lization. It was thought thet this proeedure might have.
caused almost complete precipitation of the ifan, end this in
turn caused the appearance of the chlerosis, although Clsen | _
{98) observed that as great & quantity of iron was in solution
at pil 8.0 and 9.0 as at pH 6.0 and that Lempa developed normally
at pH B.0 and 9.0,

‘To eliminate this undesirable feature which was required
for the Knop's solution, and to develop & nutrient sgolution in
which no precipitate was formed at pH 7.0, Clark's solution

was medified to give various'phaaphateneaicium ratios from
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0.400 to 0.0008 {expressed in millimolsg). The reaction of
thege solutions was adjusted tu pH 7.0 and autoclaved; it

was observed that there was no drop in the pH or formetion of
e visible preaigitate after sterilization.

Sterile Lemna grown in these molutions became chlorotic
in every case when the pH of the solutions remained above 6.0,
but the plants developed into normally green plants in the
solutions in which the pH dropped below 5.7 before renswal.
Since these solutions were renewed cnly twice weekly more
frequent renewals were desired in order %o prevent the increase
in acidity in the solution containing the lower quantities of
phosphate. The solutions were therefore renewed daily with
the result that the plants became chloretic in thé entire series,
regardless of the phosphate~caleium ratio; the reaction of the
solutions did not drop below pH 6.0 at any time. The rate of
reproduction became leseg when the phosphate concentration was
reduced and this was due apparently to the lack of availab1e 
phosphorus.

Non-sterile Lemne were grown in both Knop's and Clark's
solutions with phosphate~caleium ratiocs of 0.4 and 0.08 at pﬁ*s
4.8, 6.0, 7.0, and 8.0 with daily renewal of the solutions.

In this case, as in all others, the plants became chlorotio
in solutions in which the pH was maintained above pH 6.0.
These results do not confirm the findings of Clsen (98) who

reported successful growth of Lemna in solutions with an
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initial pH of 8.0 without appearance of chlerosis.

The major difference between the technique used in this
investigetion and that employed by Clsen was the solution's
volume and renewal; he grew the plants in 500 ce. of solution
~which was adjusted daily to the desired pH and renewed every
five days, while in this inv%giigatiag the volume of the
solution was 100 ec. .and renewed daily. This difference in
procedure should hardly have warranted the marked divergence
in resulte. Light conditions however, were not the same,; end
the condition of light and temperature to which the planﬁs
are exposed is known to have an effect upon the appearance of
chlorosis. Gericke (53) reported that high intensity of light
cauged more marked chlorosis, snd Sideris and Kraugs (118)
observed that high tempersture increased its severity. The
light intensity here was low~-200 foot candles~~and the
temperature constant at 25° ¢. ©Olsen's observation that
maize grew well for 18 days in solutions with low phosphate~
caleium ratios at pH 6.0~7.0 might be attributed to (a) the |
presence of the necessary iron in the remaining portion of
the seed, (b) to bacterial dscomnesition of this seed to
form organie compoundg which made the inorganic iron in the
golution availabie for plant assimilation, or (¢) to the low
iron requirement of the plant; no satisfactory exvlanation of
the difference with the Lemna can be offered.

The use of ammonium nitrogen Iin place of the more common
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nitrate nitrogen in nutrient solutions was shown by Jones (76)
té be eoffective in preventing chlorosis éf green plants in'
neutral or alkaline reactions. This procedure was not attempted
in this investigation and it would need to be studied system-
atieally under sterile conditions and controlled environment
before it could be stated that it would be effective for the
prevention ¢f chlorosis in Lemna.

In all the investigations reported here the conditions
of growth have been santfallaé within certain limits in cfﬁer
to allow interpretation of the variable factors. Temperature,
light intensity, 1light guality, duration of light exposure, and
humidity have been controlled, snd all but one of the experi-
ments were conducted under sterile conditions to preclude the
effeot that micro-~organisms might have on growth.

In a preliminary part of this investigation a method for
the determination of iron was reported. This method combined
the wet oxidetion of organic matter with the colorimetric
determination of the iron by the use of 7~iodo~8 hydroxy-
guinoline-5~sulfonic acid ae an indicator for the ferric
iron. This method has a marked adventage over other colori-
metric methods for iron in that the color produced by the dye
is constant for at least €5 days and would thereby be
applicable to routine water analysis or similar investigations.
Another advantage of this method is the high sensitivity; it
ie not difficult to distinguish between samples differing
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by 0.002 mg, of iron in 100 ce. of the solution--£ parts in
100,000,000-~and this sensitivity could probadbly be increazed
by using a photo~electiric cell colorimeter.

The influence of light quality and intensity was studied
a8 a secondary part of this investigation. For the same
intensity of light it seemed that illumination with combined
red and blue neon 1igntu5hewsﬁ a marked advantage over
illumination with red alone. A point that must be considered
in this connection is the facet that the instrument used to
measure the light intensities wasg standardized against the
light produced by & tungsten filament at 3,®@®° Ce 1t is
therefore somewhat doubtful if the resulis oktained by tha'
use of this instrument werse very reliable mhen applied to the
red or blue neon lights; hence, the interpretation of the
data must be made with limitations. That this instrument
would give relative results when exposed to the same light
source is probable, and the data obtained at various intens—
ities from the same source can be compared with some degree :
of aecursacy.

In the experiment in which cultures of sterile Lemna
were exposed to various intensities of red and blue neon
light it was shown that the rate of growth increased pro-
gresaively as the igtenaity of the light inoreased. This
observation conforme with the results reported by octher

investigators (105)(115).
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SUMMARY

Alkaline humus extragt-~the iron humate--was prepared by
extracting & peat soil with & potessium hydroxide solution.
Thig iron humate was "purified” by precipitation with hydro-
chloric acid and re~dissolving the resulting precipitate in
- potassium hydroxide.

The iron content of the iron humate was determined by
a technique which involved two procedures; (a) the oxidation
of the organic matter with hydrogen peroxide in acid solution,
and (b) determination of the iron colorimetrically by the use
of 7-iodo~-8-hydroxyquinoline-S~gulfonic scid ms an indicator.

Lemna free from micro-organisms was grown in sterile
cultures cecontaining vericus quantitiees of iron humate and

iron and having a wide range of reactions. Growth was
stimulated and chlorosis prevented at reactions more alkaline
that pH 6.0, and growth was depressed at pl's 4.5 and 5.0."

Under sterils conditions Lemns was exposed to various
intensities and qualities of light vroduced by neon lights,
The rate of reproduction was found to increase ag the intensity
inecreased; combined red and blue illumination was more effect-

ive than red alone at the sanme intensity.
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None of the phosphste-~calecium ratios tried was able to
prevent chlorogis in either sterile or non-sterile cultures

of Lemna major when the pH's of the solutions were maintained

at & value of 5.0 or above,
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CONCLUSIONS

1. Iron humate was effective in the prevention of
chloresis of Lemns in neutral reactions but not completely
in alkaline reactions.

2. The effectiveness of iren humate in promoting growth
and preventing chlorosis of ggﬁggyat neutrel reactions was
attributed to its power to make iron available for assimilation
by the plant.

3. Faximum stimulation of growth was obtazined when the
iron-orgenic matter ratios were within the limits 0.001 and
0.005 and the concentration of the iron was 0.01 millimols
per liter.

4, Iron hamaﬁe'&epregﬁﬁd the growth of Lemne at pH
values of 4.5 to G.0.

5. The growth of lLemna was prohibited by solutions

with pH values of 3.5 to 4.0,

6. Cultural solutions containing ferric chloride caused
chlorosis of Lemna at reactions more alkaline that pH 6.0,
irrespective of the phosphate-galcium ratio.

7. Ferrie citrate, at a concentration of 0.62 mg. of
iron per liter, would not prevent chloreeis with reactions

more alkaline than pH 6.0.
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8., Lemna will grow satisfactorily under neon light and
neon~mercury light. The rate of reproduction varied with the
intensity. fGThere is some inaication that the neocn illumination
is more effective than the light from magda lamps for the
same foot candle power.

9. The 7-iodo~8-hydroxyyuinoline~b-sulfonic acid method
for the determination of iron is more satisfactory than other
colorimetric methods for iron. Combined with the wet oxida-
tion method by hydrogen peroxide, 1t can be used to measure

very small guantities of iron in organie compounds or mixtures.
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