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FOOD MICROSTR CTURE, Vol. 3 (1984), pp. 41-48 
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X-RAY MICROANALYSIS OF HOLLOW HEART POTATOES 

W. P. Mohr, A.R . Spurrl, P. Fenn2 and H. Tirrrnl 

Agriculture Canada, Research Branch 
Smithfield Experimental Farm, Box 340 

Trenton , Ontario, Canada KSV 5R5 
and 

Departments of !vegetable Crops and 2Geology 
University of Cal ifornia, Davis, CA 956 16 

Electron microprobe and X-ray f l uorescence 
techniques were used to study elemental gradients 
associated with the phys i ological disorde r hollow 
heart i n potato t ubers. Gradients Nere found 
along the length and ac ros s the width of mature 
tubers. These were not rela ted to the disorder, 
however . Tubers with advanced symptoms of the 
disorder had elemental levels and gradients 
similar to those in healthy, control tubers. The 
results suggest that if the disorder i s i nitially 
caused by an elemental deficiency, as has some
times been proposed , the deficiency is temporary 
and no longer exists in mature tubers with 
advanced holl ow heart. Radial gradients were 
ass ociated rnd inl y with two contrasting tissues . 
the centra 1 pith and the surrounding peri
medullary zone. Tissue di fferences are critica l 
in microprobe studies involving small samples 
Mi croprobe studi es of develop i ng tubers 
conta i ni ng inc i pient stages of hollm·1 hea r t. 
employing strip samp l es restricted to the central 
pith where the disorder originates and taken so 
as to traver se the small lesions, showed a 
dramatic increase in Mg in lesion areas. It is 
suggested that a nutrient i mbalance may trigger 
the onset of the ce l l necrosis that characterizes 
the initiation of hollow heart in potato . A 
loca li zed Mg toxicity orCa deficiency due to 
high Mg:Ca r atio is implicated. 
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Introdu ction 

Hollow heart in potato i s a phys iol og ical 
disorder that causes serious economi c losses 
some yea rs. It has been associated with sudden, 
very active vi ne growth fo ll owing coo l tempera
tu res short ly after tuber set (Van Denburgh 
eta!. 1979; Timm, 1981). Such growi ng condi
IToriS apparent ly alter the physiological balance 
of the plant so that foliar i ncreases are at t he 
expense of tuber growth . A popu l ar theory is 
that certain i mpo r tant nutrients may become 
limiting , leading to the death of some oith cells 
(Krantz and Lana , 1942; Levitt, 1942; Kallio, 
1960; Arteca et al. 1980). The hi sto l ogica l 
events associafedwith hollow heart development, 
from a few necrotic cells in Llle JJ iU1 of Lhe 
young tuber to the well-known advanced stages 
in t he mature tuber , have been described in 
detail (Levitt, 1942). Some results on e l emen
tal gradients in potatoes showing advanced holl ow 
heart symptoms compared with healthy tissue have 
been reported (Lev itt, 1942 ; ~1ack l on and De Kock, 
1967; Arteca et al. 1980). The present work 
extends theseStUdies and takes into accou nt the 
l arge compos i tional differences between pith and 
perimedullary tissue, a point often overlooked. 
Incipient as well as advanced stages of hollow 
heart were studied, the former being part i cular
ly important to an understanding of any nutrient 
imba lances associated with the disorder' s 
inception . Electron micropr obe and X-ray fl uo
rescence techniq ues employed at the histo l ogical 
l evel were used for mos t of the analyses. 

Materia 1 s and Methods 

Plant Material 
Ear ly phases of the work were carried out on 

matu re potatoes. These we r e obta i ned from the 
University of California, Dav i s, coordinated 
var i etal trials. The tubers were cut i n half 
l ongitudina ll y along the centra l pith and those 
revealing hollow heart were retained. I n these 
matur e tube r s the hollow heart was nearly always 
of the advanced type (Figs . lb and lc). For each 
ho 11 ow heart tuber found, a hea 1 thy tuber (no 
hollow heart symptoms) of the same cultivar and 
comparable in size , shape, and pith di mensions 
was also retained. 
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Figure 1. Schematic of potato tubers cut longi
tudinally along pith showing (a) major 
t i ssue parts; (b) zones (tuber with 
advanced hollow heart) samp led for 
X-ray fluores cence analysis; (c) 
location of strips taken (tuber with 
advanced hollow heart) for electron 
microprobe analysis, and test s i tes on 
strips; and (d) location of strips 
taken (tuber with incipient hollow 
heart) for electron microprobe ana ly
s is, and test sites on strips. 
Tissue samples were also ta ken from 
tubers with no vi sua lly-detectab l e 
ho l low heart ('contro l s ' ) at locations 
comparable to those shown in (b), (c), 
and (d) . 

Later phases of the work were carried out on 
young, developing potato tubers, cultivars Red La 
Soda and Pontiac. In ea r ly May, 1981, the 
Bakers fie 1 d area of Ca 1 i forni a experienced a sud
den change to higher day-ti me temperatures (25-
JQOC) following a cool period (15-2QOC), during 
which time the t ubers were still at a re l ative ly 
early stage of enlargement. Tubers hand 
harvested two weeks before corrmerci a 1 harves t 
operat i ons from these naturally-stressed potato 
pl ants revea l ed , on cutting, a considerable 
number showing very ear ly symptoms of hollow 
heart. For each hollow heart tuber found, a 
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corresponding cont r ol was se l ected, i. e ., a tuber 
of the same cultivar, g r own in the same location, 
and of comparable s i ze, s hape, a nd interna l tuber 
anatomy. Typical internal anatomy of a potato 
tuber is shown in Figure 1 a . 
Tiss ue Sampl es for X-Ray Fluorescence Analysis 

Blocks of tissue from the four ma in tuber 
zones (Fig . lb) were removed from each tuber, 
utilizing both halves . Ca re was taken during 
this and subsequent steps to avoid elementa l 
contamination of the cut tissue surfaces from 
hands, scalpel and other objects . After record
ing fresh weights, the tissue samples were d r ied 
at 70°C , weights recorded, and ground to a fi ne 
powder using a mortar and pestle. Circles 6 rrm 
in diameter of powdered sample were attached to 
mylar film (untouched by hands) held in place in 
plastic photographic s lide holders. Clear pr o
tective coating aerosol s pray was used to fasten 
the powder to the myla r. Sheets of paper with 
circular cutouts pl aced over the my lar-s li de 
facilitated precise appli cat ion of t he spray , 
followed i rrmediately by application of the 
powder ed sample. For each sample , two success i ve 
applications of spray and powdered sample e nsured 
a uniform distribution of sample ove r the 6 nm 
circular area. Powdered samples of National 
Bureau of Standards Orchard Leaves were similarly 
prepared for use as standard reference rna teri a 1 . 
Blanks consisted of 2 coat ings of t he aerosol 
spray on mylar film. The samp les were ana l yzed 
using a Kevex 7000 energy di s pers ive spectrometer 
employing rhodium tube source and direct exc i ta 
tion mode, secondary targets Gd, Sn, Ag, Ge, Fe, 
and Ti and a Si(Li) detector. Data were 
recorded in counts per second. 

To confirm the X- ray fluorescence res u 1 ts , 
powdered samples were a l so analyzed for the 
elements of interest using standa rd atomic 
absorption methods. 
Tissue Samp 1 es for El ectron Micropr obe Analysis 

An approx1mately 25 ITlTl cube of tlSsue from 
the middle part of t he tube r, con taining the 
region of interest, was sectioned on a s liding 
micro tome to produce s li ces 400 J,J m thick . Before 
section ing the s 1 ice us ed f or subsequent sam
pl ing, the knife b lades were cleaned with dis
tilled water and wiped dry. The s li ce was placed 
on a clean sheet of hard filter paper. Using a 
clean scalpel, strips 2 mm wide and 12 or 20 mm 
long were removed. The 12 mm long strips were 
taken at the sites shown in Figure lc. These 
were: (1) adjacent to the hollow, i n the case of 
the hollow heart tuber, extending radially out
ward i nto the per i medullary region ; (2) a l ong the 
central pith in the direct ion of the stem end; 
and (3) along the ce nt ral pith in the direction 
of the bud end. Strips were also taken at 
comparable sites in healthy , control tube rs. The 
20 mm long strips were taken at the sites shown 
i n Figure ld. These were taken along the longi
t udinal l ength of the centra l pith t raversing the 
small dark l esion (s) characterizing the first 
visible symptom of hollow heart. The entire 
strip was taken carefully from within the centra l 
pith core, avoiding the surrounding perimedullary 
tissue. Strips were also taken at comparable 
sites in healthy, control t ubers . 
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To assist in identifying and orienting the 
strips, one end was taper-cut. Any handling, by 
means of forceps, was done at that end. The 
tissue strips were allowed to air-dry while being 
prepared. They were mounted on 25 mm diameter 
round glass mic roprobe slides, using electrical 
circuit copper print as the adhesive. The 
mounted samples were placed in a 30°C oven for 
final drying and held in a desiccator until 
analyzed. 

Elemental spectra at a few sites on the 
strips {Fig. lc and upper strip in Fig. ld) were 
obtained using an ARL EMX/SM electron microprobe, 
with the operating voltage 15kV, beam current 300 
nA, and beam diameter 35 IJm. X-ray counts for 
100 sec live time were collected using a Kevex 
7000 energy dispersive spectrometer. This gave 
preliminary infonnation on the elements present 
and their relative levels at selected sites on 
the strips. 

The entire length of some tissue strips 
(lower strip in Fig. ld) was analyzed for 
selected elements using the mo re critical line 
analysis method. This was done with the electron 
microprobe with wavelength dispersive crystal 
spectrometers utilizing RAP (Mg Ko ), ADP (Cl 
K o ) , and Li F ( Ca K o ) crystals . 

Major Parts of Tuber 
The dry matter content of pith tissue was 

much lower than that of the surrounding peri
medullary tissue (Fig. 2). It changed little 

POTATO TUBER ZONE 

Figure 2 . Dry weight content of major tuber 
zones of hollow heart {advanced type, 
Figs. lb and lc) and control potato 
tubers. 
Shaded bars represent hollow heart 
tubers; empty bars represent contra 1 
tubers. 
Tuber zones 1-4 represent, respective
ly, the stem end perimedulla, mid
tuber peri medu 11 a, bud end peri
medulla, and central pith (Fig. lb). 
Each bar is the mean of 9 tuber 
replicates, with standard error shown 
at top of bar. 
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from stem to bud end of the tuber's perimedulla, 
although it was slightly lower in the bud end 
than in the stern or mi d- tuber zones. The dry 
matter content of hollow heart tubers was s imil ar 
to that of tubers without hollow heart. 

X-ray fluorescence analysis of dried 
powdered tissue samples from the different zones 
of the tuber detected the elements Cl, K, and Ca 
in significant quantities (Fig. 3). From stem 
to bud end of the tuber's perimedulla, there was 
a decrease in Cl and an increase in K. Calcium 
tended to be lower in the stem end than else
where. Atomic absorption analyses (not reported 
here} confirmed these gradients. 

Elemental content of the pith was consider
ably higher than that of the peri med ullary tissue 
when expressed on a dry weight basis . On a fresh 
weight basis, this difference was reduced consid
erably . 

Differences in levels of detectable elements 
between tubers with and without hollow heart were 

%, DRV WT. BASIS %, FRESH WT. BASIS 
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I 2 3 • I 2 J • 
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POTATO TUBER ZONE 

Figure 3. X-ray fluorescence analysis for 
elements in tissue from major potato 
tuber zones of hollow heart {advanced 
type, Fig. lb) and control tubers. 
Shaded bars represent hollow heart 
tubers; empty bars represent control 
tubers. 
Tuber zones 1-4 represent, respective
ly, the stem end perimedulla, mid
tuber perimedu11a, bud end peri
medulla, and central pith (Fig. lb). 
Each bar is the mean of 9 determina
tions using 9 different tubers, with 
standard error indicated at top of 
bar. 
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relatively minor and not significant in most 
cases. 
Advanced Hollow Heart in Mature Tubers 

Elements detected in significant quanti ties 
by electron microprobe analysis of tissue strips 
were K, Cl, S, P, and Mg. The results are shown 
in Figure 4. The "l" strips, taken radially from 
the pith region towards and extend ing into the 
perimedull a, showed a cons i derab 1 e decrease in 
level of all elements along the strip. In "2" 
and "3" strips, taken entirely within the central 
pith and extending from the middle of the tuber 
towards the stem and bud ends, respectively, 
there were no such gradients along the length of 
the strips. Test sites restricted to pith tissue 
(L, M, and R in "2" and "3" strips) or very close 
to pith t issue (Lin "1" strips) had much higher 
elemental levels than those in the high starch , 
lower mo isture perimedullary tissue U1 and R in 
"l" strips). 

Differences in elemental levels between 
hol l ow heart and control tubers were not 
considered significant , although l evel s of some 
elements (Cl, Mg, and K) tended to be higher in 
tissue samples of hollow heart tubers. 

I nci Pl~g~g~~l ~h~s~ef~~l ~~s ~~~~~~t n~e~ut:rSoda 
and Pontiac cv. developing tubers, many were 
found on cutting to have hollow heart symptoms. 
No symptoms were detectable in tubers weighing 
l ess than 80 g and they occurred most frequently 
in large ( > 150 g) tubers. Most of these were 
in the ear ly stages of the disorder . A few 
contained a single very small (2-3 cells in 
diameter) dark spot characteristic of the first 
visible symptom. Others had a slightly more 
advanced , but still early, stage consisting of a 
patch of small dark lesions. They were always 
contained within the centr al pith, usually about 
ha 1 f way between stern and bud ends of the tuber. 
Scanning electron micrographs {Fig. 5) showed 
that the cells forming a lesion were distorted 
and had thickened walls. These and surrounding 
cells were deficient in starch, while cells 
further away from the lesion had the normal 
complement of starch granules for pith cells. 

Preliminary elemental ana l yses were carried 
out at selected points along each strip using the 
electron microprobe's energy dispersive X- ray 
spectr ometer. The same samples were then ana
lyzed along the entire length of each strip, 
using the wavelength dispersive method. Results 
obtained by the two methods were essentially the 
same , therefore only wavelength dispersive 
results are reported. One e l ement in particu l ar, 
Mg, was present in much higher levels in and 
around the incipient les i ons than in healthy 
tissue further away from the lesion area or in 
comparable sites of control tubers (Figs. 6, 7). 
Moreover, the 'halo' zone ilflllediately surround
ing the lesion (~12 in Fig. 6 depicting a single 
lesion sample), and areas between lesions in a 
mult i-les i on sample {M2 in Fig. 7) , had much 
higher ~1g leve l s t han the lesion itself (t-11 in 
Fi gs . 6, 7). Other tissue strips of the same 
cultivar, and of certain other cultivars tested, 
revealed s i milar gradients for Mg, leaving no 
question as to the validity of the examples 
presented here. 
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Potassium and Cl gradients {not slown here} 
in the region of the lesion resembled :hose for 
Mg in that the 'halo ' zone gave higher counts 
than the inner part of the lesion. Ho\'ever, 
there was little or no gradient inK at Cl 
between the lesion and heal thy tissue ct eithe r 
end of the strip, as was the case with Mg . 
Calcium levels were below detectable hnits using 
either the energy dispersive or wave l ergth 
dispersive methods of analysis with tht e l ectron 
micr oprobe . 
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Figure 4 . Electron microprobe analysi s for the 
localization of el ements in potato 
tuber tissue from hollow heart 
(advanced type, Fig. lc) and control 
tubers. 
Tissue strips 1-3 were taken adjacent 
to the hollow (and comparable sites in 
contra 1 tubers) extending, respective
ly, radially into t he perimedu lla, 
along the pith in the direction of the 
stem end, and along the pith in the 
direction of the bud end (Fig. lc). 
Left, middle, and right (L , M, R) 
sites on each stri p were analyzed . 
Shaded bars represent hol l ow heart 
tubers; empty ba r s represent contro l s. 
Each bar is the mean of 11 t ubers for 
"1" strips , 7 tubers for "2" strips, 
and 3 tubers for "3" stri ps, with 
standard error indica ted at top of 
bar. 
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TissuE strips from comparable sites of 
control tuters, similarly analyzed, gave results 
(not shown here) almost identical to those of the 
heal thy Lend R portions of strips containing 
hollow heart. Not only were their levels of Mg, 
K, and Cl the same as the healthy ends of tissue 
strips containing ho ll ow heart, but no gradients 
were evidert along the length of the strips. As 
with strips containing lesions, no Ca was 
detected ir strips from control tubers. 

Figure 5. Scanning electron micrographs of 
potato tuber pith tissue with incip
ient hollow heart showing (a) thick
ened walls of a group of distorted 
cells forming a small lesion in 
middle of picture, (b) starch - defi
cient cells in and immediately 
surrounding the lesion, and (c) nonnal 
cells containing starch granules in 
tissue further away (4-5 ITITl) from the 
1 esion. 
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Discussion and Conclusions 

The dried and powdered samples used for 
X-ray fluorescence analysis represented re 1 a
tively large areas of the fresh tuber. This 
method is well suited to compositional study of 
the tuber's major zones. The results, confirmed 
by atomic absorption analysis, were similar to 
those reported for mature potato tubers by other 
workers using other analytical methods (Macklon 
and DeKock, 1967; Johnston et al. 1968; Arteca 
et al. 1980). Potato tuberShaYe elemental 
Qradlents along their length and width in res
ponse to metabolic changes that occur during 
their development and maturation on and off the 
plant (Weaver et al. 1978). Lengthwise gradients 
pr obably reflect to a large extent these metabol
ic changes in the tuber relative to total plant 
needs at a particular period in the life of the 
tuber. Radial gradients, while also varying with 
the tuber's metabolism, are mainly associated 
with two contrasting tissues (Mohr, 1972). The 
central pith (high moisture, low starch) and the 
surrounding perimedulla (low moisture, high 
starch) contain very different elemental levels, 
the extent of the difference depending on whether 
results are expressed on a dry or fresh weight 
basis. These fundamenta 1 tissue differences must 
be taken into account in any meaningful study of 
elemental gradients associated with an internal 
disorder. 

Mature tubers displaying advanced hollow 
heart had essentially the same elemental compo
sition as mature tubers without hollow heart. 
This was indicated by both analytical methods -
the X-ray fluorescence method in which the tissue 
samples represented fairly large areas of the 
tuber (Fig. 3) and the electron microprobe method 
employing localized strip samples (Fig. 4). The 
gradients obtained in the tissue strips extending 
radially from the edge of the hollow ("1" strips 
in Fig. 4) are probably gradients between tissue 
types, and not related to specific tissue dis
order. It is felt that the inclusion of more 
than one tissue in microanalytical studies of 
this kind is a source of error that has not 
a 1 ways been fu 11 y appreciated. From the pre 1 i m
inary work which dealt with mature tubers, we 
concluded that (1) by the time tubers reach the 
mature stage, those with and without hollow 
heart do not differ appreciably in elemental 
composition, (2) any further attempt to establish 
elemental imbalances associated with hollow heart 
should be focused on incipient rather than mature 
stages of the disorder, (3) the microprobe tech
nique should be used, with the tissue strips 
carefully restricted to the central pith and 
taken so as to include affected (lesion) and non
affected tissue, and (4) it was important to 
continue to work with paired tuber samples- with 
and without hollow heart, each pair being of the 
same cultivar, grown under the same conditions, 
and comparable in size and internal anatomy. 

Our observations of the histological origin 
and development of hollow heart in the tuber 
correspond with those reported by others. The 
discoloration of necrotic hollow heart cells is 
believed to be due to me l anin discoloration of 
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Figure 6 . Segments of 
an electron micro probe 
line analysis for mag
nesium along the pith 
traversing a smal l 
lesion (Fig. ld) char
acterizing incipient, 
potential hollow heart 
of potato tuber tissue 
( cv. Red La Soda) . 

'-I ' --=p.·(.~,l~,--, --,-' 7 
hghter.morenormal 
appUflngcells 
b<!lweenM11es•ons 

TISSUE STR IP T EST SITES 

TISSUE STR IP TEST SITES 

the cellular protoplasmic contents and cell 
walls, and perhaps also to accumulation of poly
phenols such as chlorogenic acid and tyrosine 
(Reeve, 1968). The thickening of lesion cell 
walls results from their suberization and 
increased hemice llul ose and pectin content 
(Reeve, 1968) . Starch depletion in the lesion 
area. particularly in the cells immediately 
around the lesion, seems to be related to the 
formation of wound tissue (l lker et al. 1977). 
It is logical that any finding oflriiriera l 
imba l ances in these regions cou l d be associated 
with one or mo re of these histochemica l changes. 

That a mineral imbalance may be the cause 
of the initial necrosis which eventually leads to 
hollow heart has been suggested frequently in the 
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Figure 7. Segments of 
an electror microprobe 
line analys i s for mag
nesium alorg the pith 
traversing a patch of 
several smell dark 
necrotic lesions char
acterizing an early, 
potentia 1 stage of 
hollow heart of potato 
tuber tissLe (cv. Red 
La Soda). 

li teratu re. Levitt (1942) found a lower content 
of all elements tested (Ca, Mg, K, Cu, Fe, and 
Mn) in hollow heart tubers than in cont rols. 
Arteca et al. (1980) found a lowered Ca content 
in hollOW heart tubers. However. both of these 
studies dealt only with mature tubers. In our 
wo r k with mature tubers. there was ro evidence of 
a lowered mineral content of tissue in hollow 
heart tubers. This variance with tt-e res ults of 
the above authors could be due to tte particu l ar 
combination of tuber growth and matLrat i on 
properties i nvolved. Our work with mature tubers 
suggests that if any mineral imba l arce existed at 
an early stage of the disorder's in(eption. it no 
longer exists in mature t ubers showing advanced 
ho 11 ow heart symptoms. 
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In young, developing tubers containing 
incipient hollow hear t , the increase in Mg in the 
immediate vic i n i ty of the small, forming les ions 
was dramatic. It seems likely that a nutrient 
deficiency associated with possible Mg toxicity 
triggers the onset of the ce ll necrosis in the 
pith ; r ap i d growth expansion of the t uber then 
resu l ts in the fam i liar large holl0\'1 regions. 
Because of the well-known interaction between Mg 
and Ca, it may be a Ca deficiency that causes the 
initial cellular breakdown and necrosis. The 
role played by Ca in membrane and cell wall 
i nteg r ity i s well known. In a study of bitter 
pit i n app l e, Hopfinger and Poovaiah (1979) also 
foun d a Mg:Ca imbalance and concluded that local
ized Mg toxicity or localized Ca deficiency 
causes th i s physiologi ca l disorder. However, it 
has also been documen ted that mineral e l ements 
and other consti tuents tend to accumulate in the 
vicinity of injured or necrotic t i ssue (Yarwood, 
1967; Faust et al. 1968; Fo rd, 1979). It is 
possib l e t hatthe observed mineral imbalances are 
coinc i dental to, rather than the cause of, the 
deve l opment of hollow heart. The fact that our 
study included lesions only a few cells in 
diameter 1 ends some support to, but does not 
prove, t he theory that mi nera 1 i mba 1 ances i ni -
ti ate the di sorder. 

Experiments involving the addition of Ca and 
other elements as soil fertilizers to f i eld - grown 
potatoes. cv. Red La Soda, are now in progress. 
These may he 1p to r eso lve the above qu2sticn. 
Hopfinger and Poovaiah ( 1979) were able to s how 
that bitter pit symptoms in apple fruit could be 
i nduced by vacuum-infiltratinq the fruit with Mg 
and that they could be totally prevented by 
adding Ca, l ending s upport to their conclusion 
that minera l imbalances ca used the dis order. 

Potatoes conta in on ly about 0.002 - 0.012% 
Ca on a fresh weigh t basis, with most of that 
being conta i ned in the outer parts of the tuber 
(Johnston et al. 1968; Bretz loff, 1971). The low 
levels in tilePith are below the 0.05- 0.1 % 
range needed for de teet ion by the e 1 ec t ron 
microprobe technique used in our work thus far. 
which has emphasi zed analyses at the hi stologica l 
level . In future work i t may be possible to 
follow Ca leve l s associated with specific cellu
lar structures such as cell walls ( using a 
microprobe interfaced \'lith an electron micro
scope, and appropria te tissue preparation) in 
order to verify the role of Ca in the initiation 
of hollow heart. 
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Discussion with Reviewers 

N.S. Wright: If an imb« lan ce in Mg and Ca ini t i
ates hollm·1 heart, \'IOUl d you not expect some 
control tube r s (tho se predisposed to develop 
hollm-1 heart) to show abnornally high t~g and 



W.P. Mohr~ .a.l_. 

abnormally l ow Ca in the M2 region? 
Authors: Yes, but there is the problem of finding 
~e M2 ( 1 halo') region around the incipient 
lesion i s small in area rela tive to the total 
region of the pith in which the lesion could 
develop. Furthermore, the incidence of hollow 
heart in a given tuber population may not be high 
when one \·/ants to study it, so that even 
exhaustive analysis of the pith of some tubers 
does not necessarily prove anything . The tubers 
tested might not be the ones to develop hollow 
heart, or might not be at the stage of tuber 
developnent to s how it. \~e did not detect an 
imbalance bet\11een Mg and Ca in any of our 
analyses of control tuber s, but these analyses 
were limited in number . The approach mentioned 
in your question is sound and should be 
investigated further. By testing all parts of 
the central pith of developing tubers of 
susceptible cultivars that have received stress 
conditions usually resulting in hollow heart, it 
rray be possible to detect a Mg :Ca imbalance 
corresponding with a potential M2 (or Ml) region 
if, in fact, the imbalance precedes the l esion. 

O.A . Walker : llhy would the relatively high Mg 
level be restricted to the region immediately 
surrounding the lesions? 
Authors: The 'halo' region imrrediately surround 
log the lesion probably reflects gradients in 
relati on to the necrotic cells, with the lesion 
as the locus . For exampl e , the l esion could 
change the pH and, therefore, the so lubility of 
variou s elerrents (Ca being very susceptible to 
pH chnnges}. 

O.A. Walker : What would account for the mineral 
im ba lance in the ear ly stages of the disorder 
being rectified in the mature tuber? 
Authors: The large split or hollow region present 
in the mature tuber is believed to be due to 
continued expansion of the tuber after the dead 
cells of the incipient lesion in the developing 
tuber are no longer capable of enlarging. The 
disorder tends to develop in large-sized tubers. 
Expansion of the tuber would tend to deplete, or 
physically 'dilute ', a previously existing 
mi nera 1 imba 1 ance. 

O.A. Walker: \~hat factors would contribute to 
poss1ble Mg toxicity orCa deficiency? 
Authors : Any numbe r of stress factors, especially 
those affecting root growth activity, could 
affect Mg and Ca sou rce-si nk relationships . 
Temperature stress or water stress (deficiency or 
flooding) are among these . Also, because of its 
smaller atomic weight, Mg is mo re mobile than Ca 
and , when Ca is deficient, f~g may readily 
substitute for it . 

D.A . Walke r: Would a difference in wate r content 
between pith and perimedullary region account for 
the dissimilarity in elementa l composition when 
measured by dry versus fres h \oleight? 
Authors: The 'tlater component of plant tissues 
such as potato tuber is nonnally low in Mg and 
Ca, these minerals gener ally being present in 
association with cellu l ar structures. Therefore, 
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the water component ~~should have 1 i ttle or 
no direct bearing on the pattern of results. The 
other majo r component of potato tubers is the 
starch granules which make up a large p.art of the 
dry weight. Perimed ull ary tissue contains 
considerably more starch than does pith tissue . 
The minera l content of starch granules from 
several plant sources tends to be rather low 
(Gracza, 1965). Pre sumably, the Mg and Ca 
content of potato starch is low too. This \o/Ould 
tend to lower the levels of these minerals 
present in t he perirredulla as compared with t he 
pith, especial ly 1t1hen calculated on a dry we igh t 
basis . Variat i ons i n mineral l evels of the 
sta rch gr anules from the pith versus perirredu ll a 
might also play a role in affecting the results . 

N.S. Wr i ght : Can you envisage your methods being 
used to determine the predisposition to hollow 
heart of potato seedlings? 
Authors: Not at this stage of the work. Before 
cons iderin g this application, it should be 
confirrred that the mine r al imbalance exists 
before, and is therefore the probable cause of, 
the formation of the lesion . One \olay of invest i
gating the latter point might be to treat 
susceptible pith tissue with added Mg and Ca , as 
Hopfingor and Poovaiah (1974) did in their study 
of the physiological disorder bitter pit in 
apple fruit. These author s s ha...1ed that bitter 
pit symptoms could be induced by vacuum-infiltra
ting the fruit with Mg and that they cou l d be 
totally prevented by adding Ca, lending support 
to thei r conc lu sion that mineral imbalances 
caused the disorder. 
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