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Sumnmary. The effects of temperature and light on boll and shoot matturity
and on the accumtulation of fatty acids in developing seeds of flax (Linum usitatissi-
mzum L.) were determined in controlled environments. Pal-mitic and linoleic acids
decreased but linolenic increased in percent as seed formation progressed. In the
same period, oleic acid increased in percent in 1 variety and decreased in another.
Increased temperatures hastened these changes and restulted in decreased iodine value
of the oil at maturity.

Calculated on a weight basis (mg per 1000 seeds), all 5 major fatty acids increased
during seed formation. Increased temperatures initially accelerated the accumulation
of all fatty acids, bult the period of net fatty acid synthesis was eventually shortened
in comparison with cooler temperatulres. At 150 and 200, linolenic acid accumuilation
closely paralleled the rate of boll maturation, measured by boll moisture content; at
30° linolenic accumulation ceased before maturation could be detected.

A photoperiod of 20 hours accelerated plant matturity restulting in decreased seed
weight in comparison with a photoperiod of 16 hours. Eight hotur photoperiod
favored late blossoming and depressed seed weight, oil content, and fatty acid
content. Weights of linoleic and linolenic acids were high in both the 16 and 20
hour photoperiods.

Linolenic acid was reduced in percent and weight per 1000 seeds at light intensities
of 1200 ft-c as compared with 2700 ft-c.

The fatty acid composition of reserve fats
deposited in seeds is markedly infltuenced by en-
vironment (16). For flax, the environmental factor
of primary importance appears to be temperatutre
(2, 4, 7,8), buit other environmental factors may
also be involved (6, 8, 21). The mechanisms by
which environmental effects are produced have not
been clearly defined.

In the work reported here, the techniqtue of
observing the changes in fatty acid levels which
occur in developing seeds duiring the period from
fertilization to maturity was uised to assess the
effects of temperature, photoperiod, and light in-
tensity on fatty acid biosynthesis in flax. Stuidies
by this technique provided early insights into fatty
acid biosynthesis in oilseeds (14, 23), and the method

' Joint contribution of the United States Department
of Agriculture and the South Dakota Agricultural Ex-
periment Station, Journal Series No. 728.

2 Mention of proprietary products herein does not nec-
essarily imply indorsement of these products by the United
States Department of Agriculture.

still is commonly employed for this puirpose since
fatty acid composition can readily be determined
by gas chromatography ( 1, 12, 13, 20). Responses
to environment other than changes in fatty acids
were also measuired in the present stuidies. Rate
of maturation was of special interest since it is
clearly affected by environment (7, 18) andl may
have especially significant consequiences on oil
formation (11).

Materials and Methods

Most of the techniques used in these stuidies
have been described earlier (7). Temperatture, pho-
toperiod, and light intensity were reguilate(d by
plant growth chamber equlipment of 2 types. Cool-
white fluiorescent and incandescent lamps proviided
light intensities, measuired with a WNeston2 MIodel
756 light meter, of 1200 ft-c and 2700 ft-c in the
2 chambers (5.1 and 7.1 mw/cm2 respectively meas-
utred with an Eppley Laboratory thermopile with
qutartz window). Temperature control was ± 1.50
measutred at boll height. Htumidity w- as utncon-
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trolled. The plants were grow\ n ; per pat in
1-liter plastic contaiiners of acrated nutrienit soluition
or 10 to 15 per pot in 2-liter glazed cr,cks con-
taining vermiculite watered with nuttrienlt soluitioil.
Pots were completely rand(lonized in the chambers
w\ith 3 to 4 replicatiolns harveste(l at each (late of
harxvest. Conclitionis of 20' and(I 16 houtr photop2riod
per 24-hotur cycle were maintained during the pre-
bIloom stage in all experiments. Tcst environments
w\ere starte(l only after the initiation of flow-ering.

Environments teste(l (Iirinlg the fl)w\ering stage
in the 3 experimenits were (1) day temperature
stuidy; 150, 200, 250, anid( 300 day temperatures, night
temperatuire 200, light intensity 2700 ft-c, and pho-
toperiod 16 houirs:; (2) photoperio(d stLdy: 8, in,
aild 20 houir photoperio(ds, 200 constant temperatuire,
alld light intensity 1200 ft-c; (3) light intensity
stuidyv 1200 an(d 2700 ft-c light inteinsities, 200
constant temperatuire, and 16 hou)ir photol)eriod.
Environment treatments within an exper nient uIs-
uiallv were not repeated in other chambers. How-
exver, good agreemeint has been ol)tainle(l in expOri-
ments repeated several times in 1 environment and
in several chambers. This is indicated by- a co-
efficient of variation of 3.7 % for io(dinie valle
(leterminatioins from a total of 33 replicati ins in
4 separate trials at 200.

Plants were harxvestedl from thc test environ-
meints at several lattes (lulring the perio(d of boll
(levelopment. Characteristics measuire(l illcltu(le
plant height and weight, 1)oll and seed pro(duiction,
and oil content anid tIiiality. Seed samples analkezed
for oil characteristics were limite(d in age by har-
vesting bolls previouisly tagge(d wvith colore(d strin1gs
(luriing a 3 to 4 day period at initiatioin of blossoming.
The tagged bolls were excised, oven c'rie(d at 1000,
anil threshe(l. See(d weight peri 1000 sce(es was
(letermine(d from the wvieht of a 1 50-seed sample,
ancd oil percenit was (determ ne(l l)y micro-Soxhlet
extractioin of the cruishe(d see(ls wx ith petroleuim
ether (bp 3(600). Methyl esters of the long-chain
aci(ls were prepare(l by transesterification of a
portion of the extracte(d oil with so(liuim metlioxide
(3) The esters were analyzed wNith an Aerograph
\-90-P2 gas chromatograph employing a 3m X
6.4mm ID column1 of 20 % (xN x\\) diethylene glycol
suiccinate on 60 to SO( mesh Gas Chrom P (Applied
Science Company) at 9050. Peak areas oni the
recordler chart were determ;ned by ani attache(l in-
tegrator (D)isc Iinstrulmenits, Incorporatedl). \Weight
percentages of the fatty acids were (letervninle(l from
area measuiremenits by calibration- xv-ith ptire fatty
acid esters (The Hormel Instituite, University of
Mf iinnesota). \V'eights of fatty acids per 1000 see(ds
xv7ere calcullated from see(d weight, oil percent, ain(d
fatty aci(d composition assuiminig 100 % tr'glyceride
compositioin of the oil. Theoretical iodline values
were calclulated from fatty acid compDsition.

The varieties uise(d in these studclies wvere C.l.
2224, an( C.I. 10606, aind C.I. 130(3) and represenlted

respectively the high, intermediate, and( loxw limlits
of linolenic acid composition presently available ill
lines of Linuml1 sit(tissi;numiii L. Typical curves
depicting the chaInging ins-atulratioin in the oils of
mate ring seeds of these v-arieties when gro'wn ill
the field environm2nt are presentedl in figL re 1.
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FIG. 1. Progressive changes (lurinig matturationi unider
field conditionis in the iodine value of seed oils of the 3
flax varieties used in controlled environment studies.
Grown at the South Dakota Agricultural Experiment
Stationi in 1963 aiid 1964.

Results

Tciipecruitirc Effects onz FItty 4cid Accumuilal-
tiO1ii. SiI1Ce teniperatulre cs utistomarilY assiglRe(l a
major role in reguflation, of fatty acid composition
of oilseeds, this environmental factor was the first
stdtied. Plants of C.T 132)03 aindl CI. 2224 xvere
growix from flowering to mlatuirit) at (lay tempera-
tuires of 150, 200, 250, and 300. Measuirements ma(le
at boll maturity showeed that inicreased temperattures
redutce(l plant weight, moisture perceint, seed weieght,
oil cointeint, anId jo(Ioine valle of the oil (table I )
Relativ e qulaintities of the fatty acids dutrinig the
periodl from 9 clays after floxvering to matLirity
were markedly affected by temperature (table 11).
Palmitic and linoleic acidIs decreasecl in percent as

the seedIs matured, while linoleniic ilncreased. In-
crease(l temperatuires hastenied blubt dlid not alter the
(lirectioin of these changes. Oleic acid percent was
markedly increased by xvarm temperatuire, Init the
change in percentage of thi s acid from floxvering
to matuirity depeln(lcl tipon til1xvarietY7 teste(l. In
the loxv iodine valuie -variety CI. 1303, oleic acid
increase(l in percentage, while in C.I. 2224, oleic
acid decreased witlh advancing maturity (fig 2)

Calculated oi xveight tasis, all fatty acids in-
crease(l in weight pe-r 1 000 see(ds as see(d (le-elol-

:,1. 2224

I1I-S l-J
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Table I. Influncne of 7'cteripcr(turc or. Flax Growth and Secd Produiction
The variet%- w-as C.I 1303, liglht intensity 2700 ft-c, photoperiod 16 hours, and night temperature 200.

Day Plant Shoot Seeds Oil
temperatuire dry wt moisture Per Seed Wt content Iodine

g/10 Plants % Boll mg/1000 Seeds ° value

150: 22.4a* 44a 6.8a 6110a 38.2a 176a
200 19.6a 45a 8.3a 5770b 37.8a 164b
25C 14.5b 26b 7.0a 4910c 31.9b 157c
300 13.8b 17b 6.9a 4360d 31.4b 140d

* Adiacenit values within a colunmiii having a common letter do not differ significantly at the 5 % level.

Table II. Ch(lz,.ots in Fatty A cid Ceniposition of Maturing Secds of C.I. 1303 Flax as Influenced bv Tenperature

Temperature Seed age.
days

150

20

3n00

Palmiti^

9
16
213
37
9
16
23
37
9

16
23
37
9
16
23
37

13.2a*
11.8b
8.1c
6.5d

13.6a
11.Ob
7.6z
6.8d1

13.9a
10.Ob
7.8c
7.6c

13.1a
9.0b
8.3c
8.3c

Fatty acid composition (% of total fatty acids)
Oleic Linoleic

23.2a
23.5a
27.0b
28.0b
24.9a
29.7b
35.2c
35.7c
27.6a
35.2b
37.7b
39.9b
41.8a
46.6b
47.1b
47.4b

19.Sa
21.3a
14.1b
14.6b
20.6a
17.9b
10.5c
11.5:-
20.1a
12.9b
10 Ic
9.9-

17.0i
11.31
11.Gb
10.61)

* \Vhen valtues for individual fatty acids at the 4 seed ages within a temperature group are arranged in order of
magnitucde, adjacent means followed by a common letter do not differ significantly at the 5 % level. Stearic acid
conteult averaged 2.4 % anid N, as unaffected by temperature and age.

Tab!e III. J)aily Incrcasv in

Temperature

I:atI' Acids in C.I. 1303 Flax Seeds as Influenced by Temperature and Seed Age.

0-9
Seed age in days

1G-16 17-23
mni of fatty acids per 1000 seeds per da-

L.inolenic Acid:
150
200
250
300

Linoleic Acid:
150
200
250
300

Olcic Acid:
150
200
250
300

Sa,tur,ated Acids:
150
200
250
300

Li nolenic

41.7a
41.Oa
48.5b
48.7b
33.6a
39.Oa
43.9b
43.7b
36.3a
39.6b
42.2b
40.5b
25.5a
30.4b
31.Gb
30.9b

24-37

26
37
40
31

74
76
39
15

13
17
10
8

6
4
9
9

3
2
5
6

3
3
7

15

2
2
4
6

15
9

5

15
29
38
46

24
0
0
0

8
3
0
0

15
I

0
0

2
0
0
0

41
63
35
23

8
12
11
9

12
14
5
4
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FIG. 2. Chaniges in oleic acid percentages of 2 flax
varieties during seed development as influenced by tem-
perature. Vertical linles iiidicate stanidard error of the
mieani.

ment progressed. Palmitic, stearic, and( linoleic
acids acctimulated slowly, while oleic and( linolenic
acids acculmuilatedl rapi(ly' (table III). Both the
rate and period of acetimuilation of the aci(ds were
altered by' temperatuire with increased temperature
initially hastening fatty acid accLlmulation in very
youing see(ls btit later shortening the period of acid
increase. After 23 (lays of age, accuimtulatioin of the
fatty acids was observed only at the cooler tem-
peratures of 150 and( 200. Daily rates of accumula-
tion of linolenic acid were greater in see(ls of the
high iodine valtie variety C.I. 2224 (reaching a

max of 143 mg per 1000 see(ds per day at 200)
than in C.I. 1303.

Since warm temperatuires shortened the periodl
of accumuilationi of linolenic acid, the rate of boll
matuiration was evaltuated from moistulre content
(lata. Boll moistuire percentages for the variety
C.l. 1303 decline(l slowly and tuniforml' at all
temperattires (Iiiring the first 23 (lays after flow-
ering (fig 3). At 200 aind above, the bolls matured
duiring the period from 23 to 37 days, and moistulre
content declined sharply dutiring this periodl. At
15°, however, matuLrity was retar(led, and 1)o1l mois-
tuire content remaine(d relatively high at 37 (lays.

Rates of acctumuilatioin of linolenic acid closely
paralleledl moistuire content changes at 150 and 200
buit not at 300 where net linolenic acidl synthesis
(leclined before the bolls matulred.

Photoperiod and Light Intensity Effects ont
Fatty Acid Accumunlation. II the photoperiodI stuidy,
C.I. 1303 flax was grown to flowering at a constant
temperatuire of 200 light inteinsity' of 1200 ft-c, and
photoperiodl of 16 hours. Eight days after flower-
inlg, the planits were tranisferre(d to photoperiodIs of

8, 16, or 20 hours per 24-houir cycle. The 2( houtr
photoperiod markedly hastened shoot seniesceince in
comparison ith the other treatmeints. WN-ithini
weeks after flow-ering, plants subjected to 2() houir
photoperiods had matuired aindl all tissuesx- ere
desiccated. In the 16 houir an(d 8 hotir photoperiods
the earliest bolls had matilre(l by the fifth week,
but plant growth was active and, in the case of

the shorter light period, maniy new blossoms were
being prodticed. These visuial observations cor-

relatedlwith photoperio(d effects on see(ead l fatty

BOLL MOISTURE
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Characteristic
measuired

Seed wt (mg/1000)
Oil conitent (% )
Iodine value
Fatty acicls (ig/ 1000):

Palmiiitic
Stearic
Oleic
Linoleic
Linoleniic

Photoperiod hrs)
8 16

4490
32.3

173

98
22

444
148
677

6170
36.4

164

145
43

816
195
960

20

5310
38.0

174

130
36

562
262
928

acid weights. Maximutm seed weight was _,)served
in the 16 houir photoperiod (table I\ K. Early
seniesceince in the 20 houir photoperiod w as accom-
paniied b)y a slight reduction in see(d x-eight in
comparison wFith 16 houirs; fatty' acidI weights also
(lecrease(l except for linoleic aln(l linolen:c acids.
The very activ-e late blossoming observe(! in the
8 houir photoperiod was accompaniedlI,v -miarke(d
redluctioins in seedI xw'eight, oil contenit, 1i1.i fattv'
acid content of the first formedl seecIs.

Finally, when both temperatuire andl pxtKoperiod
were hel(d conlstalnt (200 alnd 16 houirs respecv.vely)
while light intensitv was x'aried, fatty a'ci( com-

z
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\1/C.I. 2224

C.I. 2224

SEED AGE (DAYS)

FIG. 3. Rate of bollnmaturationi comparel '.- ith accu-
mullationi of linoleniic acid in matuirinig flaxset&.

Table IV. Influttence, of Photoperiod on Seed and Oil'
Charactcristics of Flax

The varietv was C.I. 1303, temPerature 2)Q', andCt
light intensity 1200 ft-c.

Is - -
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Table V. Inflicence of Lighit Intensity on Seed and Oil Charnactcristics of F!ar
The varieties were C.I. 1303 and C.I. 1666, temperature 200, and photoperiod 16 hours. Three experiments with

16 total observations were conducted at 1200 ft-c and 6 experiments with 60 observation-s at 2700 ft-c.

Characteristic Light intensity (ft-c) Statistical
measured 1200 2700 analysis

Seed x'-t (mg/1000 seeds)
Oil contenit (%)
Iodinie value
Linolenic acid (%)
Linolenic acid (mg/1000 seeds)

5700
36.6

162
43.6

870

5850
40.1

181
52.8

1190

NS
NS

Significant (1 %)
Significant (1 %)
Significant (1 %)

positionl of the oil in flaxseeds was again altered.
Repeated trials were conducted with the varieties
C.I. 1303 and C.I. 1666 in controlled environment
chambers differing in light intensity. Iodine value
and linolenic acid content of the oil were signifi-
cantly low-er at 1200 than at 2700 ft-c (table VT).
Seed Xweight and oil content did not differ sig-
nificantly in the 2 light regimes.

Discussion

Temperatture, photoperiod, and light intensity all
affected oil formation in flax when tested uinder
controlled conditions permitting sttudy of isolated
environmeintal stresses. The effects on oil quality
were accompanied by other plant responses, espe-
cially changes in rate of matturation. The environ-
mental influlence on boll matturity sometimes par-
alleled the effect on fatty acid composition, but at
other times the 2 effects were not concturrent.
These and other findings from the present stuidy
are relevant to questions of fatty acid biosynthesis
and mechanism of environmental effects on oil
formation.

\Vhen early workers found that linolenic acid
increased in percent in maturing flaxseeds while
oleic and linoleic decreased, they concluded that
oleic was progressively desatturated into linoleic and
finally into linolenic acid (14,16,23). The inter-
pretation was challenged because all fatty acids
actually increase in weight during matturation with-
out any indication of interconversion between acids
(9, 11, 18). In the present sttudy palmitic and lino-
leic acids did decline in percent with advancing
maturity, while linolenic increased. However, there
was no consistent oleic-linolenic relationship, since
in 1 -ariety oleic acid content declined dturing
matturation while in a second variety oleic increased.
Thuis, where percentage data are concerned, stuccess
in demonstrating apparent conversion of oleic to
linoleinic in flax depends tupon the variety investi-
gated.

Recent studies by radioactive tracer techniqtues
have demonstrated in vivo time-changes in fatty
acid labeling patterns in flax similar to the changes
in fatty acid percentages occurring dturing the
matturation of a high-linolenic variety (5). Similar

findings have also been reported from studies with
soybean seed (19) and castor bean leaves (10).
These findings cotupled with evidence obtained witlh
cell-free systems (15, 22) strongly favor desatura-
tion of oleic acid as the pathway of biosynthesis of
long-chain polytnsaturated fatty acids. Interpreting
the effect of temperatture on fatty acid composition
in this light, it wotuld appear that the activity of a
desatturating system was initially enhanced by warm
temperattures. Ultimately, however, the activity of
the system was depressed resulting in reduced levels
of polyuinsatuirated acids in the matuire seeds grown
in warm temperatuires. The finding by Meyer
and Bloch (17) that the activity of a desatulrating
system from Torulopsis utilis was greater when the
cells had been grown at a cool temperature than at
a warm temperatture stupports this view. On the
other hand, Hilditch (11) argued that the poly-
unsatturated 18-carbon acids are not formed by
desatturation of oleic acid and offered as evidence
the response to temperatuire. Warm conditions, he
arguied, shouild hasten fat synthesis and thereby
increase the level of the acid which terminates the
interconversion sequience. This shouild restult in
increased rather than decreased levels of linolenic
acid at warm temperatuires if a desatturation mech-
anism is involved. In the present study, we ob-
served that increased temperatures did, for a time,
accelerate the accumuilation of linoleic and linolenic
acids as well as oleic and the satuirated acids.
Measuirements of fatty acid composition made only
at seed maturity would not have revealed the
rate-enhancing effect of warm temperatuires on
polyunsaturated acid acctlmullation, however, becauise
of the simuiltaneouis shortening of the period of
acid accutmuilation which decreased acid weights
in the matuire seeds.

Thuis, maturity is a factor which appears closely
related to environmentally induced changes in fatty
acid composition of flax in some circumstances.
Fatty acid composition at 150 and 20° closely par-
alleled rates of boll matulration at the 2 temperatulres
with the more slowly maturing bolls (150) also
attaining the higher level of linolenic acid. How-
ever, the high temperature-indtuced reductions in
polytunsatulrated acids were not due solely to the
shortened period of fatty acid accutmulation since
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at 300 the net synthesis of linolenic declined more
than a week before 1o)1 matuiration could l)e (le-
tectedl. Moreover, lonig photoperiods markedl) has-
tened senescence of the flax plants, and yet the
levels of polyuinsatulrate(d acids produiced were high
both in percent an(d weight per 1000 seecls. The
response of the developing flaxseed to environmental
stresses appears to be complex annd muist involve
effects oni fatty aci( 1)iosYnthesis per se as wvell
as interrelated effects oni other plant processes
stuch as flowering ain(l matuirity.
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