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It is necessary to study the photosynthate distribution pattern
and allocation in Guaneiia and Latina potato varieties, which
come from the Colombia variety and are relatively new in agri-
culture, for potato crops in Colombia. The aim of this study was
to determine the distribution behavior of dry matter among the
organs that make up the potato plant in order to determine the
key moments in the crop cycle, where the filling of the tubers
takes place, and to establish the pattern of biomass distribu-
tion in these varieties. Three consecutive experiments were
performed at the “Estacion Agraria Paysandu” in Santa Elena
(Medellin- Antioquia), at 2,538 m a.s.l. with average tempera-
tures of 13.6, 14.6 and 13.81°C. The field trials were established
under a random complete blocks design with a 3x2 factorial
layout and five replications. The first factor corresponded to
the potato varieties and the second factor corresponded to the
two fertilization levels: 7 and 21 g of fertilizer per planting
site, representing 259.25 and 777.77 kg of fertilizer per ha. The
higher fertilizer dose is the one normally used by farmers. An
NPK fertilizer compound (10 - 20 - 20 - 5(S)) was used. There
were 30 experiment units with an area of 18.27 m*(seven 2.7 m
furrows separated by 0.90 m); the distance between the plants
was 0.30 m, for a density of 37,037 planting sites per ha. Weekly
samplings were taken, a whole plant per experiment unit. The
direct measuring evaluated variables for the dry weights of each
organ, which were used to obtain curves and the distribution
pattern. The development time was evaluated in accumulated
growing degree-days and threshold temperatures of 2 and 29°C
were used. In all of the varieties and the two fertilization treat-
ments, most of the assimilates in the early stages of the cycle
were concentrated in the roots, leaves and stems; once the tuber
formation started, the leaves and stems started to allocate dry
matter towards the filling of the accumulation organs.

Key words: tubers, source sink relations, photosynthesis,
nutrient transport, Guanefia variety, Latina variety.

Se hace necesario estudiar el patrén de distribucion y asig-
nacién de los fotoasimilados en variedades de papa criolla
Guanefia y Latina que provienen de la variedad Criolla Co-
lombia y son relativamente nuevas en la agricultura en torno
al cultivo de la papa en Colombia. El objetivo de este trabajo
fue conocer el comportamiento de la distribucién de la mate-
ria seca entre los 6rganos que conforman la planta de papa,
con el fin de determinar los momentos claves en el ciclo de
cultivo donde se estd llevando a cabo el inicio del llenado de
tubérculos y establecer el patrén de distribucion de biomasa en
las variedades mencionadas. Se realizaron tres experimentos
consecutivos en la Estacion Agraria Paysandu, ubicada en el
Corregimiento de Santa Elena (Medellin - Antioquia) a 2.538
msnm. Se utilizé un disefio experimental de bloques completos
al azar con dos niveles de fertilizacion correspondientes a 7 y
21 g de fertilizante por sitio que representan 259,25y 777,77 kg
de fertilizante/ha, y cinco repeticiones. La unidad experimental
fue un area de 18,27 m* (7 surcos de 2,7 m de largo), la distancia
entre surcos fue de 0,90 m, la distancia entre plantas fue de 0,30
m para una densidad de 37,037 sitios de siembra/ha. Se hicieron
muestreos semanales correspondientes a una planta entera por
unidad experimental. Las variables evaluadas de medicion di-
recta fueron los pesos secos de cada 6rgano y a partir de estos
pesos se determinaron las curvas que determinan el patrén de
distribucioén. El tiempo de desarrollo se evalué en grados dia
acumulados y se utilizaron las temperaturas umbrales de 2 y
29°C. En todas las variedades en los dos tratamientos de fer-
tilizacion la mayor parte de los asimilados en las fases iniciales
del ciclo se concentran en las raices, hojas y tallos y una vez se
inicia la formacién de tubérculos, las hojas y los tallos vierten
la materia seca acumulada hacia el llenado de los 6rganos de
acumulacion.

Palabras clave: tubérculos, relacién fuente sumidero, fotosin-
tesis, transporte de nutrientes, variedad Guaneia, variedad
Latina.
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Introduction

The plants, as a result of the interaction between the photo-
synthesis, respiration, assimilate transport and production,
hydric relationships and mineral nutrition accumulated
and distributed dry matter in their organs and increased
their volume, length or area as a result of the cell differentia-
tion, expansion and division, i.e, plants grow and develop
to fully comply with the vegetative and reproductive phase
(Larcher, 2003; Fourcaud et al., 2008; Taiz and Zeiger, 2010).

There are regulation centers involved in the partition con-
trol of photoassimilates through which enzyme activities
and the flow of metabolic pathways can change (Warren,
1981). In the assimilate builder organs or assimilate sources,
the fixed carbon is shared according to the physiological
needs of the plant, such as the RuBisCO reconstitution
involved in the Calvin cycle, in the photo-respiration pro-
cesses, and in the phosphoglyceraldehyde production for
starch emergence located inside the chloroplasts or inside
the sucrose that is sent to the cytoplasm of cells (Taiz and
Zeiger, 2010).

Plants produce carbohydrates (sugars) in their leaves by
photosynthesis; and consumer organs and accumulators
known as dumping organs that require products of this
reaction to grow and develop (Foyer and Paul, 2001); in
the case of potatoes, these organs are the roots, stolons,
flowers, fruits and mainly tubers. The filling and forma-
tion of tubers will depend primarily on the availability of
previously produced and temporarily stored assimilates in
the stems and leaves, their capacity to store these sugars
in their tissues, genetic aspects of the plant and environ-
mental conditions under which they are being developed
(Mora et al., 2005). This partitioning of photosynthates to
tubers will then present a quantifiable result of growth and
development that is also influenced by cultural practices
(Foyer and Paul, 2001).

In potato crops, a good translocation of assimilates from
the source to the tubers is decisive for the final production,
along with an understanding of the patterns of that biomass
allocation between the organs of the cultivated varieties
and the effect of environmental conditions that improve
the selection of materials for a location or general purpose
(Van Heemst, 1986; Tekalign and Hammes, 2005a).

Dry matter accumulation is used as an indicator for growth
because of its considerable economic significance since,
in the case of the potato, the tuber is the organ that has

photoassimilate storage mainly as starch (Tekalign and
Hammes, 2005b).

Among other studies on the distribution behavior of pho-
toassimilates, there is one by Kooman and Rabbinge (1996)
in which the influence of temperature, photoperiod and
radiation on potato crop growth, Solanum tuberosum L.,
and cycle length was determined; the authors emphasized
that, in the first stage of the crop, the biomass is distributed
preferentially in leaves and stems; in the second phase, the
mass flow toward new and existing leaves is reduced be-
cause the formation and filling of tubers starts and, in the
third part of the cycle, the tubers are the organs with the
highest filling capacity and the only organs that continue
to grow until the harvest day, while the aerial part of the
plant starts to decay.

Nustez et al. (2009) assessed the accumulation and distri-
bution of dry matter in the organs of the varieties Diacol
Capiro, Pastusa Suprema, Betina and Esmeralda from
the S. tuberosum species and found differences in the dry
matter accumulation in the stems, leaves and tubers; these
differences corresponded to the moment with greater ac-
cumulation and duration of biomass in a particular organ.

Santos (2010) conducted an evaluation of source-demand
in terms of dry matter partition and allocation in the states
of vegetative and reproductive development of the diploid
potato varieties Colombia, Guaneia, Latina and Galeras.
In this study, the varieties Guanefia and Galeras stood out
because they allocated the largest proportion of assimilates
to the tubers, resulting in a higher yield, between 25,6 and
49,6 tha™.

In Mexico, Aguilar et al. (2006) conducted a growth
analysis of the source-demand of two potato varieties
(S. tuberosum), the results showed that the variety Alpha
allocated 56% of its dry matter to the tubers. Meanwhile,
Mora et al. (2005) evaluated five potato genotypes and
determined the behavior of the accumulation and distri-
bution of biomass.

Based on the above context, the aim of this study was to
determine the behavior and distribution pattern of biomass
in the diploid potato varieties Colombia, Guanefia and
Latina during their crop cycle.

Materials and methods

Location

Three consecutive growing cycles of potato varieties in San-
ta Elena in eastern Antioquia (Colombia), at an altitude of
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2,538 ma.s.l. (6°12’36” N and 75°30°25” O) and with average
temperatures of 13.6, 13.81 and 14.6°C, were established
in the field. According to the ecological conditions, this
area is classifies as a lower montane forest zone (bh-MB)
(Holdridge, 1967).

Experiment design

The field trials were established under a random complete
blocks design with a 3x2 factorial layout and five replica-
tions. The first factor corresponded to the three varieties
of potato and the second factor corresponded to the two
fertilization levels: 7 and 21 g of fertilizer per planting site,
representing 259.25 and 777.77 kg ha™ of fertilizer; the
higher dose of fertilizer corresponded to the one normally
used by farmers. An NPK fertilizer compound was used
(10 - 20 - 20 - 5(S)). There were 30 experiment units with an
area of 18.27 m” (seven 2.7 m furrows separated by 0.90 m);
the distance between the plants was 0.30 m, for a density
of 37,037 planting sites per hectare.

Variables evaluated

A fully functional plant was extracted weekly from each
experiment unit to measure the variables listed below:

Dry matter: each plant was dissected, separating each or-
gan individually and packing them in paper bags. These
samples were placed in a drying oven at 80°C until con-
stant dry weight was obtained. With this method, the dry
weight of the leaves (DWL), stems (DWS), roots (DWR),
stolons (DWST), tubers (DWTB), flowers (DWF), and fruits
(DWEFR) and the sum of the weights of the total dry weight
of the plant (DWT) (Eq. 6) was obtained.

Time: the development time was evaluated in terms of
thermal time on accumulated degree-days (ADD), which
takes into account the weather information of where the
experiments are carried out. To obtain this information, a
WatchDog 2900ET (Spectrum Technologies, Plansfield IL)
weather station was used, which recorded the temperature,
sunshine, rainfall and relative humidity every 15 min.
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Statistical analysis

The incomplete gamma distribution model was used
(Wood, 1967) (Eq. 1) since it is consistent with the mode-
ling theory of crops based on models with lags (Manetsch,
1976; Vansickle, 1977; Gutierrez, 1996; Rodriguez et al.,
2011).

y=axf e (1)
This model can be linearized by the expression:
In(y) = Ina + Bln(x) - yx ()

To analyze the data, a multilevel regression model varying
regression coefficients (Gelman and Hill, 2007) from the
Wood model for each treatment and trial was considered,
generating the following mixed model (Sorensen and
Gianola, 2002).

In(y) =l + In(t)B+ty+Za+Zb+Zic+Zu+e (3)

Where a, 5 and y are the average regression coefficient
vectors for each treatment; a, b and c are the vector de-
viations for each trial of average regression coefficients,
u is the vector of coefficients of error due to the effect of
blocks within the sampling and trial, e is the vector of
residual effects of the error, 1, is a vector of each size “n”,
In(t) is a vector with the logarithm of the thermal time, t
is a vector with the thermal timeand Z,, Z,, Z,and Z, are
the incidence matrices of the random effects, a, b, cand u
respectively. It was assumed that the random effects and
the residual error followed a normal distribution with zero
mean and variance 02, 07, 67, 6> and o (Searle et al., 1992).

Finally, y is the vector with the answer variable to consider,
that is, LF, DWT, DWL, DWS, DWR, DWST, DWTB,
DWFE, DWER.

Because variable measurements are made on the same
individual, a multi-characteristic model was considered:
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It was assumed that the vectors a, b, ¢, u and e, were nor-
mally distributed with zero mean and variance R,®I,,
R,®I, R.®I, R,®I, and R.®I, respectively, with the
covariance matrix R, expressed in the following form (Eq.
5) (Sorensen and Gianola, 2002).

i " Oia

o
where, Iis an Identity of a size, a is the number of variables
to evaluate, n indicates the number of data of each variable
i,i={1, -, a} and ® is the Kronecker product.

The Bayesian estimation methodology for the previous
model was used with the Gibbs algorithm, generating
a Markov chain of a length of one million for each pa-
rameter. From every 10 samples, 1 was selected and the
first 10,000 considered to be the burn-in period were
removed. The MCMCglmm package (Hadfield, 2010),
of the R statistical environment (R Core Team, 2013),
was used. The highest posterior density intervals of 0.90
were calculated with the CODA package (Plummer et al.,
2006) and, with the Bayes estimator, the average marginal
posterior distribution was obtained, which minimizes the
quadratic loss function.

Based on the Markov chain of obtained parameters for
the original variables (TTDW, LDW, SDW, RDW, STDW,
TBDW, FDW, FRDW), the ratio (PP) of dry matter was
obtained in each organ for the evaluated time with the
expression:

DWj,
PRy= ©)
TTDW
where, (j) corresponds to LDW, SDW, RDW, STDW,
TBDW, FDW, FRDW.

Results and discussion

To establish the existence of significant differences between
the curves obtained for the leaf area and dry matter ac-
cumulation, a comparison of the highest posterior density
intervals was made of the fitted model for each variety
in each of the levels of fertilization. In this regard, each
graph allowed for the determination of these statistical
differences with the curves of the highest posterior density
intervals of 0.90.

The organs with the greater amount of dry matter ac-
cumulated over the crop cycle are the leaves, stems and
tubers; however, the proportion of total plant biomass for
each organ changes according to the variety, nutritional
conditions and phenological stage; for example, in the
vegetative phase, the leaves and stems demand assimilates,
which changes to the flowers and fruits in the reproduc-
tive phase. In addition, in crops like the one evaluated in
this study, the greatest filling capacity corresponds to the
tubers as the starch storage organ and the one of main
economic interest.

Criolla Colombia variety

The fertilizing effect over this variety is not noticeable;
however, it is possible to perceive differences in the pro-
portion of stem in relation to the total of the plant, which
increases with the highest dose. With the 7 g/site dose, in
the early stages of the crop cycle, the roots were the ones
that represented the greatest amount of accumulated bio-
mass (52.34%) at 255 ADD, a decreasing value over time.
This proportion decreased to half at 390.18 ADD (with a
rapid decline) and by the end of the cycle at 1,252 ADD
the roots represent only 1.98% total of the plant. Stolons,
throughout the cycle, represented a fraction of the total
plant, reaching the maximum proportion at 643.66 ADD
(2.66%), and, at the end of the cycle, the proportion of this
organ was less than 1%.

In the early stages of growth at 255 ADD, the leaves and
stems were 33.99 and 13.65%, respectively. The high-
est proportion of leaves to total plant was registered at
508.47ADD (52.71%), but this time did not coincide with
the maximum dry matter accumulation in the leaves or the
maximum leafarea as recorded above 600 ADD. From that
moment of maximum proportion leaves/total plant this
begins to decrease, becoming almost 35% at 829.54 ADD
and continued to slowly decrease until the end of the cycle,
reaching 6.88% of the total. The largest proportion of stems
was reached at 694.35 ADD (28.47%) and, as seen in the
leaves, after the maximum ratio, it declined until the end,
with 10.11% of the total plant (Fig. 1).

Decreased dry matter proportion of the leaves and stems
started when the emergence of the tubers at 440.88 ADD
(0.61%). This organ rapidly increased its share in the plant,
achieving a maximum of 72.32% at 1,252 ADD.

In the corresponding dose of 21 g/site, the behavior of the
proportions of the roots, stolons and stems was similar.
In the leaves, the maximum rate was reached at 423.98
ADD with a value of 54.77% and, at the end of the cycle,
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FIGURE 1. Distribution of biomass in the Criolla Colombia variety with two different doses of fertilizers in eastern Antioquia (Colombia). A, 7 g/site
of fertilizer; B, 21 g/site of fertilizer. Dry matter proportion is on the y-axis. Time in ADD is on the x-axis. The dark green color corresponds to the
leaves, light green color to the stems, yellow color to the roots, orange color to the stolons, white color to the flowers, red color to the fruits and

brown color to the tubers.

this organ represented 7.56%. The emergence of the first
tubers was at 440.88 ADD (0.69%) and, at the end of the
cycle, their ratio was 71.32%.

Although the behavior of the ratios of the organs in this
study matches Santos (2010), the proportions were lower
in their experiment, reporting final proportions for the
tubers at 50% of the total plant.

A 1017
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1,000 1,200

In a study that determined the behavior of the distribu-
tion of biomass in varieties of S. tuberosum, Nustez et al.
(2009) found similar results, where the highest proportion
ofleaves in the Betina variety corresponded to a value close
to 40% five weeks after emergence. But values above 80%
were reported at the end of the cycle in tubers because the
species we evaluated ended their cycle with total plant

B 1.0 7
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FIGURE 2. Distribution of biomass in the Criolla Guanena variety with two different doses of fertilizers in eastern Antioguia (Colombia). A, 7 g/site
of fertilizer; B, 21 g/site of fertilizer. Dry matter proportion is on the y-axis. Time in ADD is on the x-axis. The dark green color corresponds to the
leaves, light green color to the stems, yellow color to the roots, orange color to the stolons, white color to the flowers, red color to the fruits and

brown color to the tubers.
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death, unlike the varieties of this study that ended their
cycle alive since they did not have senescence. Likewise,
Aguilar et al. (2006) reported a similar behavior in the
Alpha and Milagros varieties.

Criolla Guanefia variety

The behavior for the assimilate distribution of the Criolla
Guanefa variety did present differences regarding the ferti-
lizer rate. At the beginning of the life cycle of the crop (255
ADD), the organ that occupied the largest proportion was
the roots, with values of 52.70 and 50.98% for the doses of
7 and 21 g/site of fertilizer, respectively. The leaves followed
the roots with a higher proportion at this time of the cycle,
with values of 33.24 and 34.05%, respectively (Fig. 2).

The differences were noticed when the organs, such as
the stems, reached their maximum proportion. For the
low fertilizer dose, the stems reached their greatest pro-
portion at 626.76 ADD, corresponding to 25.96%, while,
in the highest dose, the maximum proportion (31.65%)
was achieved 84.49 ADD later and this proportion was
maintained longer. 152 ADD later, the proportion began
to decrease until it reached 11.05% at 1,252 ADD and, in
the low dose, at the end of the cycle the stems correspond
to 25% of the plant.

The leaves achieved the maximum proportion at 491.57
ADD with both fertilizer doses, 49.75 and 54.05% for the
lowest and highest doses, respectively; at the end of the
cycle at 1,252 ADD with the lower dose, the leaves occupied
19.73% and, with the higher dose, they occupied 7.41%. The
most obvious difference was observed in the distribution
of biomass in the tubers. With the 7 g/site dose, this organ
emerged at 440.88 ADD at a rate of 1.09%. With the 21
g/site dose, the tubers emergence was recorded at 508.47
ADD at 1.36% of the plant. The increase in the proportion
of this organ was a constant for the higher dose of fertilizer,
which did not stop its progress and which corresponded to
74.38% of the plant at 1,252 ADD. Atlow doses, an increase
in the proportion of the tubers went up to 40.81% at 1,066.11
ADD; this ratio dropped until the end of the cycle where it
registered a value of 36.81%.

In the low dose of fertilizer in this variety, the significant
increase in the proportion of fruit in the final stage of the
crop, which went from 0.42% (at 812.64 ADD) to 12.98%
(at the end of the cycle), was noticable. This led to the con-
clusion that, with the lower fertilizer dose, tubers in the
Guaneiia variety had to lose some of the filling capacity,
leading to the sexual reproduction organs; in this case, the
fruits have won this important total percentage of the plant.

For the same variety, Santos (2010), although not as clear
as in this study, also reported an increase in the proportion
of fruit and a stability in the increase of the proportion of
tubers in the plant. The distribution of biomass in terms
of other organs also differed since the author reported the
highest proportion of leaves in the initial phase, with a 50%
and continuously decreases until the end and the maximum
proportion of tubers was recorded at the end of cycle, 77 d
after sowing with a value of 50% as well.

Nustez et al. (2009), for the Pastusa Suprema variety,
reported a similar behavior where the leaves and stems
gradually increased their share until the emergence of the
tubers when they started to decrease.

Criolla Latina variety

This variety has a similar behavior to the Guanefia variety
at low and high doses of fertilizer.

Starting the cycle, at 255 ADD in the low dose of fertilizer
the organ representing the largest proportion of the plant is
the root (58.83%) followed by leaves and stems with values
0f 30.07 and 10.48% respectively. Both the leaves and stems
increased their proportion to reach a maximum and then
decreased until the end of the cycle. The largest proportion
of leaves, 57.16%, occurred at 423.98 ADD and the maxi-
mum proportion of stems, 25.46%, was seen at 694ADD.
The decline in the proportion of these organs was constant
until 1,252 ADD, with values of 10.27% in the leaves and
14.32% in the stems (Fig. 3).

In the high dose of fertilizer, at 255ADD, the organ that had
the biggest proportion was the leaves (44.00%), followed
by the roots (42.74%) and then the stems with a ratio of
12.77%. The maximum proportion of leaves was reached at
423.98 ADD, with a value of 57.16%, which dropped until
1,252 ADD, finishing with 4.90%. The stems reached the
maximum proportion at 694.35 ADD with a 29.93% value
and ended the cycle with 7.46% of the total plant.

Similar to the Guaneia variety, differences in the distribu-
tion of biomass in the tubers can be seen when compar-
ing the fertilizer dose. The emergence of the organ was
recorded in both doses at 440.88 ADD, with a proportion
of 1.56% with the 7 g/site dose and 0.21% with the 21 g/
site dose. At the high dose, the behavior of the distribution
of the dry matter to the tubers progressively increased the
proportion of this organ until the end of the cycle, with a
value of 83.13% (increase that occurs until 1,184 ADD where
it stabilizes). In this case, the fruits also showed an increase
in the proportion, ending the cycle with a value of 13.57%.
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FIGURE 3. Distribution of biomass in the Criolla Guanena variety with two different doses of fertilizers in eastern Antioquia (Colombia). A, 7 g/site
of fertilizer; B, 21 g/site of fertilizer. Dry matter proportion is on the y-axis. Time in ADD is on the x-axis. The dark green color corresponds to the
leaves, light green color to the stems, yellow color to the roots, orange color to the stolons, white color to the flowers, red color to the fruits and

brown color to the tubers.

According to the results of Santos (2010), a higher propor-
tion of tubers was obtained at the end of the cycle. This
author reported a maximum proportion 77 d after sowing,
with a value of 60%. However, in the behavior and prog-
ress of the distribution over time, these results agree with
the findings of Aguilar et al. (2006), Mora et al. (2005),
and Nustez et al. (2009) for each of the varieties of the S.
tuberosum species.

In general terms, the results of this study agree with Meena
et al. (2014), where the maximum tuber formation and
tuber bulking rate were recorded from 60 to 90 d after
crop sowing, during the large growth phase. This occurred
because of the availability of nutrients for crop growth and
development, as well as for partitioning of the dry mat-
ter production. Similarly, the results of Silva et al. (2013)
showed that, in the Bintje variety, tuber filling starts 60 d
after sowing and the volume of the tubers is greater when
applying more calcium than nitrogen, while in the Atlantic
variety, the largest volume of tubers occurs when there is
more nitrogen than calcium.

Conclusion

The expected results according to literature were ob-
tained. In the vegetative phase of the plants, photosyn-
thates are used for the formation of new stems and leaves
and, in the reproductive phase, they tend to accumulate
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dry matter in the flowers and fruits; in the particular case
of this species, the reproductive organs had a lower filling
capacity than the tubers, which are the organs used for
the storage of starch.
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