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However, this coffee germplasm is under threat of genetic erosion due to its high
susceptibility to coffee berry disease and coffee leaf rust. Die-back frequently occurs due to
poor management standards and inadequate shade. Coffee cultivation also faces competition
from food crops and chat (Catha edulis), the tender leaves and shoots of which are chewed as
a mild drug in the Horn of Africa.

Name  Altitude (m) Tigray O JARC main center
1 Melko 1764
A Sub center
2 Agaro 1675
3 Gera 1940 Afar ® Testing stations
4  Mettu 1580 Amhara [R318 Coffee main growing
5 Haru 1750 areas
Afar Region
Benishangul
Gumuz
Addis Ababa Harar
5
6 10
4
3 2 Oromiya
1
Gambella
Somali
8
SNNPR 9
Name Altitude
6 Mugi 1553
7 Tepi 1200
8 Awada 1738
9 Wenago 1900
10 Mechara 1800

Figure 1. Sites for ex situ conservation and evaluation of coffee landraces in Ethiopia.

Administrative zone

142 Number of accessions
conserved by JARC

AN Research sub center

Mechara

Figure 2. Number of accessions originated from different woredas in Harerge and Arsi
zones conserved by JARC.
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Out of 30 woredas with significant coffee production, 20 have been surveyed so far (Figure
2). In all, a total of 1952 Harerge accessions is conserved in the JARC field genebanks at the
Jimma-Melko centre and Mechara sub-centre, and assessed regularly for yield, disease
tolerance, and quality.

The medium-term objective of the JARC breeding programme is to supply Harerge farmers
with CBD-tolerant, high-yielding landraces, suitably adapted to their ecological niches, and
with the unique Harerge coffee flavour profiles.

CONCLUSION

By using passport data and GIS technology, collection gaps are quickly recognized. This
analysis will be further refined by overlaying thematic base maps (climate, soils) combined
with agricultural censuses, satellite imagery, and field work data to identify areas under
imminent threat of genetic erosion. Maps can also be adapted for marketing, with clearer
identification of origins and taste profiles to increase buyer awareness.
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SUMMARY

Instituto Agronomico (IAC) Coffee Germplasm collection is composed of 16 species of
Coffea and 2 of Psilanthus genera available for breeding programs. Highly productive
varieties currently cultivated in Brazil and in other coffee producer countries have been
originated from this germplasm collection. In order to explore the potential of utilization of
the available material in future genetic improvement programs, forty four C. arabica
accessions were analyzed for soluble solids, reducing sugars, total reducing sugars,
trigonelline, total chlorogenic acids and caffeine. Chemical diversity was confirmed in all
these grain components. Ethiopian and Yemen introductions enriched the possibilities of
breeding focusing cup quality and nutraceutical characteristics. Some of these gene types are
very different of genetic improved cultivars and varieties currently available. Although typical
total reducing sugar concentration in Arabica is around 7% according the methodology
employed, an Ethiopian accession exhibited concentration as high as 9.43%. Also,
trigonelline, total chlorogenic acids and caffeine were characteristically high in accessions
from Ethiopia.

INTRODUCTION

Traditionally, Instituto Agrondmico (IAC) coffee breeding program have focused mainly
productivity, plant height and resistance to several biotic and abiotic stress. The development
of cultivars such as Mundo Novo, Catuai Vermelho and Icatu Vermelho are examples of
progressive genetically improved cultivars with economic returns to coffee growers. The main
characteristic of Mundo Novo cultivar is the plant vigour and yield stability and Catuai
Vermelho combines the high productivity of Mundo Novo and compact architecture of
Caturra. Both, Mundo Novo and Catuai Vermelho are responsible for about 90% of the total
Arabica coffee plants growing in Brazil. Other successful strategy of coffee breeding
employed interspecific hybridization between a tetraploid plant of C. canephora and
C. arabica cultivar Bourbon Vermelho. The technique resulted in Icatu germplasm, resistant
to nematodes and Colletotrichun kahawae. However, nowadays this program is focusing also
nutraceutical properties and cup quality. It is known that some chemical compounds of coffee
beans like sugars (De Maria et al., 1996), protein, polysaccharides (Nunes et al., 1997),
chlorogenic acids (De Menezes, 1994), trigonelline (Viani and Horman, 1974), caffeine
(Webster et al., 2000) and lipids (Kurzrock et al., 2004) determine these characteristics. The
aim of this research was to explore the genetic diversity of coffee plants belonging to the IAC
Coffee Germplasm Collection. In this paper results regarding to soluble solids, reducing
sugars, total reducing sugars, trigonelline, total chlorogenic acids and caffeine concentration
in representative varieties and cultivars of C. arabica germplasm are presented.
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MATERIAL AND METHODS

Plant material

22 cultivars and botanical varieties (codes 1 to 22), 11 Ethiopian introductions (codes 23 to
33) from the Kaffa region (FAO, 1968)and 11 introductions (codes 34 to 44) from Yemen

(Table 1) belonging to the IAC Coffee Germplasm Collection were evaluated.

Table 1. C. arabica germplasm chemically analyzed.

Genetic Material Code Genetic Material ~ Code Seﬂrlit'il Code
Bourbon Vermelho* IAC 1 Mundo Novo 16 IAC 3856-3 31
Agaro 2 Catuai 17 IAC 3996-4 32
Geisha 3 Catuai 18 IAC 3996-5 33
Vila Sarchi 4 Sudan Rume 19 IAC 4128 PDRY 34
Bourbon Amarelo* 5 Glaucia 20 IAC 4120 PDRY 35
Nacional 6 Amphylo 21 IAC 4123 PDRY 36
Laurina 7 IAC 4309 22 IAC 4118 PDRY 37
Moka Grande 8 IAC 3856-1Ethiopia 23 IAC 4116 PDRY 38
Caturra Vermelho* IAC 9 IAC 3971-1 Ethiopia 24 IAC 4114 PDRY 39
Caturra Amarelo* IAC 476 10 IAC 3971-2 Ethiopia 25 IAC 4117 PDRY 40
Semperflorens 11 IAC 3996-1 Ethiopia 26 IAC 4135 PDRY 41

Mundo Novo Vermelho* 12 IAC 3971-3 Ethiopia 27 IAC 4122 PDRY 42
Mundo Novo Vermelho* 13 IAC 3996-2 Ethiopia 28 IAC 4129 PDRY 43
Ibaaré 14 IAC 3996-3 Ethiopia 29 IAC 4124 PDRY 44
Mundo Novo Amarelo* 2 15 IAC 3856-2 Ethiopia 30

Code numbers were used instead of cultivar names in Results and Discussion. *Vermelho =
Red Fruits and Amarelo = Yellow Fruits.

Sample Preparation

Fully ripe fruits were harvested in 2004, processed by wet method and sun dried to around
11% moisture. Only hulled non-defective grains were employed in the analyses. Duplicates of
whole grains were used to moisture determination and duplicates of ground grains (< 0.5 mm)
were used in chemical analyses.

Free carbohydrates

Soluble sugars and carbohydrates were extracted in hot water as described in Rogers et al.
(1999). Reducing sugars concentration was determined by Somogyi-Nelson, using glucose in
standard curve. Free low molecular carbohydrates were previously transformed to reducing
sugars by treatment with HCI (37%) at 70 °C, followed by neutralization, and then quantified
by that same methodology. Therefore, they were nominated total reducing sugars.

Soluble Solids

Concentration of soluble solids was determined according to method 30.1.21 of AOAC
(1997).
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Trigonelline, Total Chlorogenic Acids and Caffeine

Samples of 100 mg of coffee were kept 70% aqueous methanol at 60 °C during 1 hour. After
centrifugation and filtration, the components were quantified using Cig Shim-pack CLC-
ODS(M) column and UV detector at 272 nm. Elution was performed with
methanol/water/AcOH (50/49.5/0.5 v/v/v) at 1ml/min.

RESULTS AND DISCUSSION

Soluble solid content ranged from 27 to 32.8% with the distribution showed in Figure 1 (A).
Varieties with concentration between 29.3 and 30.3% were in greatest proportion (36.4%).
The second major group (31.8%) included varieties plus Yemen and Ethiopian accessions 4,
7,11, 15, 18, 24, 28, 30, 32, 35, 36, 40, 42 and 43. In this group soluble solid concentrations
were between 28.4 and 29.3%. The highest soluble solid concentration was measured in the
accession 41, and the lowest was measured in accessions 27 and 33. Reducing sugars content
varied from 0.169 to 0.269% with the greatest number of varieties accumulating from 0.170
to 0.210% (Figure 1B).

100% - T TS T e o0
312-32.1 %278 88
A N : ‘
80% 30 3-312 0.23-0.25 B 765827 | (
¢ so0v 021023
g $0%1 293303 ket —
& .
=~ 40% 4 0.19.021
=
20% - 28.4-29 3 6.42-7.03
017 -0.19
7328 4 — 580-642
00.'0 | I 1 T 1
S oluble S olid C ontent Reducing Sugars Total Reducing
(Yodb) Content (%db) Sugars Content (%db)

Figure 1. Genetic diversity in C. arabica regarding soluble solid (A) reducing sugars (B)
and total reducing sugars (C) contents.

The lowest concentration was measured in accession 30. Although the majority of varieties
(63.7%) exhibited total reducing sugar concentration between 6.42 and 7.65% (Figure 1C), an
Ethiopian accession (25) showed 9.43%. Since total reducing sugars extracted in the
conditions carried out in the experiments is mainly sucrose this accession could be of interest
for cup quality improvements.

Most of cultivars (29.5%) presented total chlorogenic acid concentration between 4.7 and
5.2% (Figure 2A). Chlorogenic acid concentration varied from 3.7%, in variety 12, to 6.7%,
in variety 33. Concerning trigonelline concentration, the major group (34.1%) included
varieties with 1.40 to 1.50% (Figura 2B). This component that is also related to coffee
nutraceutical properties, was found in concentration ranging from 1.00, in plant 21, up to
1.58%, in plant 27. Seventy percent of the analyzed Arabica accessions showed trigonelline
concentration between 1.20 and 1.50%. Figure 2C shows that 41% of varieties have caffeine
concentration between 1.12 and 1.34%. All commercial varieties, except Caturra Amarelo,
were included in this group. Other 41% of accessions presented caffeine from 1.34 to 1.55%.
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Around 70% of Ethiopian and Yemen introductions were in this group. The lowest caffeine
concentration occurred in variety 7 (0.76%) and the highest (1.77%) was in plant 33.
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Figure 2. Genetic diversity in C. arabica respect to total chlorogenic acids (A)
trigonelline (B) and caffeine (C) contents.

CONCLUSIONS

C. arabica accessions from IAC Coffee Germplasm Collection showed important chemical
diversity. Ethiopian and Yemen accessions were highlighted for potential exploration in
coffee breeding purposes focusing nutraceutical properties and cup quality. Ethiopian
exhibited the highest concentrations of all components, except soluble solid, which was
greatest in a Yemen introduction.
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SUMMARY

Coffea arabica var. Laurina is a dwarf mutant of Coffea arabica var. Bourbon, with a
characteristic pyramidal shape. The aim of this study was to understand the origin of shape
changes between these two varieties. Tree-shape variation could theoretically depend on the
angle formed between plagiotropic and orthotropic axes. Nethertheless the two Bourbon
varieties exhibit a same (about 50°) angle between these axes, with a within-variety variation
of 3° only. As the angle does not explain the main shape differences between the two
varieties, a growth ratio (Ri) was defined between the length of plagiotropic and orthotropic
axis. This parameter allowed differentiating the Bourbon and the Bourbon pointu. The
elongation patterns of the last internodes on the orthotropic axis in regards to the plagiotropic
branches could explain mostly the pyramidal shape of Bourbon pointu. In fact, the Laurina
mutation affected the growth of last internodes of the orthotropic axes without affecting the
plagiotropic ones.

INTRODUCTION

Coffee trees belongs to the Rubiaceae De Jussieu family. They are defined by their coffean
placentation and belong to genus Coffea L. and Paracoffea Leroy. The genus Coffea, which
includes coffee trees sensus stricto, is characterised exclusively by their axillary
inflorescences, monopodial axis, and presence of epicalyx.

The Laurina mutation appeared spontaneously at the end of the 18th century on the Bourbon
variety (B) on the island of Réunion. Recessive and monolocus, its main scientific interest
concerns its pleiotropic effect. For example, the mutation modifies dryness resistance,
caffeine content and seed shape, the latter being at the origin of the vernacular name Bourbon
pointu (BP) (Krug and Carvalho, 1951). Nonetheless, mutation does not affect phyllotaxy and
leaves are still opposed and positioned in a decussate pattern. If internode size decreases
proportionally on orthotropic and plagiotropic axes, the mutation should only lead to a dwarf
tree in regards to the Bourbon variety, without impact on tree shape. This is the case of the
caturra mutation.

However, BP shows a characteristic Christmas tree shape (Chevalier, 1947). Changes in tree
shape should imply branching angle modification between orthotropic and plagiotropic axes,
and/or, differential growth between orthotropic and plagiotropic internodes.

Our aim was to understand the origin of shape modifications between B and BP.
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MATERIAL AND METHODS

Plant material concerned varieties B and BP of the Coffea arabica L. species. Experiments
and observations were carried out in fields at Makes (897 m above sea level) (Réunion,
France). Five 2.5-year-old plants of each variety were sampled for macroscopic and
microscopic observations.

Two types of macroscopic measures could explain shape variation:

e The first one is the angle between orthotropic and plagiotropic axes. Four angles were
measured - in degrees - per plant, on different nodes, but always on the third upper part of
the tree.

e The second one is the ratio between orthotropic and plagiotropic lengths observed at
different node level (fig. 1). Internodes were numbered from the tree top. Let Lo; the
length of the orthotropic axis between the tree top to the node “i”. Let Lpj, the length of
the plagiotropic axis emerging from the node “i”” (as they are two plagiotropic branches at
each orthotropic node, in pratice Lp; was the average of these two plagiotropic lengths).
Lengths Lo; and Lp; allowed to compute the four growth ratio Ri = Lpi/L0; ».

Lastly, microscopic sections were carried out at the mid of the last internode on the
orthotropic axis, but also on plagiotropic P; and P3. This allowed to measure pith cell height.

RESULTS AND DISCUSSION

Tree-shape variation would theoretically depend on, among others, the angle between
plagiotropic and orthotropic axis. Nonetheless, this trait did not differ between B and BP (F; s
= 4.43; p = 0.069), exhibiting a same (about 50°) angle between these axes, with a within-
variety variation of 3° only.

Tree-shape would also theoretically depend on the relative length of the plagiotropic axis in
regards to the orthotropic one. Indeed, in purely conical shape, the ratio R; should not vary
according to “i” (see fig. 1). In fact, R; differed between B and BP (F; 3, =59.2; p = 0.00024),
but also decreased from Ry to Ry (F3 32 = 8.61; p < 1.107°). Nevertheless, decreasing was not
linear (Figure 2).

For both varieties, the relation between the ratio R; and the variable « i » was fitted to the
function y = a.e”™ + ¢ with b < 0. The parameter c represents the asymptote, i.e. the value of R;
when i tends toward infinite. It reached 0.5 for BP and 0.81 for B. Thus, as far as the mutant
concerned, mean length of mature internodes was 4.1 and 2.4 cm for orthotropic and
plagiotropic axis, respectively. These lengths were 9.3 and 7.5 cm, respectively, for Bourbon.

Internode growth end both depended of variety and axis type (Figure 3). For Bourbon,
internode stopped its growth after three plastochrons, i.e. when internode reached the second
position from the top. This growth pattern was observable on the plagiotropic and the
orthotropic axis. For the mutant, orthotropic internode reached its definite length (4.1 cm) in
one plastochron, but plagiotropic one (2.4 cm) reached still in three plastochrons.

Lastly, cell height didn’t explain internode length variation for the youngest internode of the

orthotropic axes, the first plagiotropic branch and the third one. Consequently, as cell height
cannot explain internode length variation between them, only cell number could be implied.
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Figure 1. Diagram with different measures done on the top of each tree.
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Figure 2. Relation between the ratio R; and the variable «i». Internodes were
numbered from the top of the tree.

NAR

Figure 3. Representation (on the same scale) and pictures of the five last internodes of B
and BP. On the left: “Bourbon” upper part (five last internodes), with above
corresponding picture. In the middle: “Bourbon pointu” upper part (five last
internodes), with above corresponding picture. On the right: “Bourbon pointu”
(corrected scale)

CONCLUSIONS AND PERSPECTIVES

Elongation patterns of the last internodes on the orthotropic axis in regards to the plagiotropic
branches could mostly explain the BP pyramidal shape. Both axis types had reduced size, but
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the Laurina mutation affected the last internodes growth pattern of the orthotropic axis
without affecting the plagiotropic ones.

In orthotropic axis, BP has fewer and smaller cells compared to Bourbon (Lecolier et al.,
submitted). A perspective could be to analyse cell elongation and division in plagiotropic
branches.

Plant growth internal regulators are in majority in relation with the difference of geotropism
between orthotropic and plagiotropic axes. Observations led to the hypothesis of a
desequilibrum in one or many of them. Investigations are now required in order to understand
a potential hormone roles in the Laurina mutation.
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SUMMARY

A field experiment was conducted at Awada Agricultural Research Sub-Center using one
hundred Hararge coffee germplasm accessions for morphological characterization at pre-
bearing stage. These coffee germplasm accessions representing 16 weredas of Hararge coffee
growing areas and 4 standard checks from southwest Ethiopia were evaluated for 14
quantitative characters. A wide range of phenotypic variations was observed among
accessions in respect of majority of the characters studied. Among the 14 characters, total
number of internodes per plant, canopy diameter, leaf area and number of secondary branches
are the most important ones. The differences between the minimum and maximum mean
values for other characters were also high. The estimates of PCV and GCV for the 14
quantitative characters considered ranged from 5.9 to 54.8% and 3.2 to 37.5%, respectively.
The phenotypic and genotypic correlation analyses for the 14 quantitative traits showed
positive and significant associations in the majority of characters. Among the characters, plant
height, length of the longest primary branch, average length of primary branches, number of
internodes on the longest primary branch, total number of internodes per plant in particular
showed positive and highly significant correlations with majority of the characters both at
phenotypic and genotypic levels. High hy? values were also obtained for internode length of
branches (90%), canopy diameter (51.9%) and plant height (50.8%). For the rest of the
characters, moderate h,” values were obtained. The estimates of genetic advance for the 14
characters were also calculated. Relatively higher estimates were obtained for number of
secondary branches, plant height and canopy diameter. In view of this, it may be surmised
that the above-mentioned characters could be of potential importance to the improvement of
Hararge coffee population through selection and hybridization

INTRODUCTION

The identification and manipulation of plant characters contributing towards the increment of
yield level is important since they were found to increase the breeding efficiency (Tyagi and
Sharma, 1985). A due emphasis on the characters having useful relationship with grain yield
has proved to be important in upgrading yield level through visual selection of desirable lines
(Hayes et al., 1955). Correlation studies furnished information on the nature and degree of
associations among characters contributing to yield and between yield components and seed
yield.

In relation to coffee, it was reported that morphological characters such as stem girth, width
of canopy, number of primary branches and number of secondary branches influenced yield
in coffee (Dancer, 1964; Srinivasan, 1982). Based on 4 years observations on yield, stem
diameter, height, and number of primaries on arabica coffee, Bouharmont et al. (1998) found
significant genetic correlation between the said morphological traits and yield. Charier (1978)
obtained high and positive correlation between height and stem diameter of arabica coffee.
According to Berthaud et al. (1978), among the seven vegetative characters studied in thirty

939



four C. arabica populations in lvory Coast, number of nodes of the side branches and of the
main stem and their basal diameter were found to have positive correlation.

Several workers estimated the heritability values of quantitative characters in coffee. For
instance, Walyaro and Van der VVossen (1979) obtained high heritability values for internode
length (90%) and number of primaries (85%) whereas moderate values for stem diameter
(43%) and nodes on the longest primaries (30%). Srinivasan (1982) also obtained high
heritability for length of longest primaries (90%). Bayetta (2001) reported high broad sense
heritability for 15 of the 18 morphological characters studied on six elite parental lines and
their 15 F; crosses. Previous work on Ethiopian coffee revealed that the expected genetic
advance was higher for number of primary branches (67 percent), internodes length on
primary (26 percent) and total nodes per plant (87 percent). The above characters had also
exhibited higher heritability values, thereby indicating their amenability for selection
(Srinivasan and Vishveshwara, 1978).

In the same manner, the present study was conducted to investigate the genetic variability,
heritability, expected genetic advance, and association of the 14 quantitative characters for the
104 sampled accessions of Hararge coffee germplasm.

MATERIALS AND METHODS

The experiment was carried out at Awada Agricultural Research Sub-Center (AARSC)
located near Yirgalem town, 45 km south of Awassa at an altitude of 1750 meters above sea
level. The sources of test materials were 902 Hararge coffee accessions that were collected
from 16 Woredas of eastern and western Hararge zones and maintained in the field at
AARSC. These accessions were planted in July 2000. For the present study, 100 accessions
were taken at random. Four CBD (coffee berry disease) resistant cultivars well adapted to
Sidamo environment were included as standard checks. Data were collected on 14
guantitative agronomic characters from 4 plants per accessions for each of the 104 Hararge
coffee germplasm accessions.

DATA ANALYSIS

Analysis of variance using nested ANOVA was computed for each of the 14 quantitative
characters in order to identify the variability among accessions. Phenotypic correlation
coefficient analysis between yield components such as stem girth, number of primary
branches, internodes length, plant height and canopy diameter were computed using the
procedure suggested by Miller et al. (1958).

Test of significance for the results of phenotypic correlation coefficient analysis was made by
comparing 'r' values from the table of simple linear correlation at n-2 degrees of freedom.
Where, n=number of treatments (germplasm accessions in this case).

Estimation of heritability (h?) and genetic parameters

Heritability in broad sense (hy?) for the quantitative traits was computed as suggested by
Allard (1960). By considering all the accessions (observations) tested here were genetically
uniform, the mean sum of squares for error (MSe) for each character was assumed to be
purely a random environmental variance (Vg). The genotypic and phenotypic variances were
calculated from the ANOVA table for each character using the formula given by Singh and
Chaudhary (1987).
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Phenotypic Coefficient of variation (PCV)
PCV:(W )*100
Genotypic Coefficient of variation (PCV)

GCVz(W )*100

X =Grand mean for each of the 14 characters of 104 germplasm accessions
Genetic advance (GA)

GA=k.0 ,.H?

K=constant (selection differential where k=2.056 at 5% selection intensity)
0 ,=phenotypic standard deviation on mean basis

H?=heritability in broad sense

RESULTS AND DISCUSSIONS
Morphological variation for quantitative characters

Summary of the grand mean, range, heritability values, expected genetic advance and percent
coefficients of genetic and phenotypic variations (PCV&GCV) for all the fourteen
quantitative characters are presented in Table 1. The mean range of characters for the 104
accessions showed the existence of high morphological variation among accessions for each
character considered. For instance, number of secondary branches, total number of internodes
per plant, plant height and canopy diameter showed higher mean ranges along with higher
coefficient of variation indicating the presence of relatively higher morphological variation
among germplasm accessions for these characters as compared to the others. On the contrary,
the mean ranges for the characters such as angle of primary branches and internode length on
the stem showed relatively smaller mean ranges accompanied by smaller coefficient of
variation implying that their contribution to the total variation is minimum (Table 1). Except
for the four characters i.e. number of internodes on the longest primary branch, stem
diameter, angle of primary branches and number of secondary branches, the mean minimum
values for the rest of the characters were obtained from accessions of east Hararge areas
specifically, Girawa, Bedeno and Kombolcha. Nine of the mean maximum values in respect
of characters as referred above belonged to accessions from Mesela and Kuni Woredas out of
which seven were scored by accessions of Kuni itself. Germplasm accessions from Bedeno,
Girawa and Kombolcha woredas scored maximum mean values in respect of the remaining
five characters, viz., canopy diameter, stem diameter, leaf area, number of secondary branches
and angle of primary branches.

Estimates of phenotypic (PCV) and genotypic (GCV) variations

The estimate of PCV ranged from 5.9% for angle of primary branches to 54.8% for number of
secondary branches. Except for characters total number of internodes per plant (24.5%) and
internode length of branches (39.6%), estimate of PCV for the rest of 10 characters is within
the range of 11-17%. In the same manner estimate of GCV ranged from 3.2% for angle of
primary branches to 37.5% for internode length of branches. Total number of internodes per
plant (14%) and number of secondary branches (34.2%) showed higher percentage values of
GCV (Table 1).
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It was observed that PCV for all characters was higher in magnitude than GCV values, which
might explain the influence of environment on the expression of the characters. Those
characters such as number of secondary branches, total number of internodes per plant and
internode length of branches that showed higher percentage values for both GCV and PCV,
had also exhibited higher magnitudes of both genotypic and phenotypic variances which
intern indicates availability of immense genetic variation for improvement of Hararge coffee.

Table 1. Mean, range, standard deviation, heritability, and phenotypic and genotypic
coefficients of variations and expected genetic advance of the 14 quantitative characters
of Hararge coffee germplasm accessions.

Characters Mean* Range Standgrd Heritability | PCV | GCV | GA
deviation (%) (%) (%) (%)

PLH 13058 | 103.25-169.00 | 15.030 508 | 1457|1038 1 1577

ILS 6.00 4.00-6.22 0.495 360 | 1143 | 6.932 | 0376

ILB 5.17 3.65-5.95 1.960 900 | 39.56 | 37.53 | 3.638

NIS 2067 | 14.00-2625 | 2.630 403 | 1514 | 9.608 | 1.938

NILPB | 2064 | 1650-27.25 | 2140 246 | 15.77 | 7.821 | 1.086
TNIP 43046 | 267.25-653.75 | 73.870 328 | 2453 | 14.04 | 50.05
CD 10751 | 74.38-14313 | 13.100 519 | 15.36 | 11.06 | 14.03

) 3.38 2.63-4.80 0.341 251 | 15.24 | 7.629 | 0.176

LA 5032 | 3540-6239 | 6.620 415 | 17.66 | 11.38 | 5673

NPB 3746 | 27254750 | 4.660 400 | 16.84 | 10.65 | 3.848

APB 6444 | 58.75-69.75 | 2.580 203 501 | 32 | 1563

NSB 11339 | 30.25-236.75 | 45.660 39.0 548 | 3421 | 36.79

LLPB 8024 | 61.75-10050 | 8.610 435 | 1421 | 937 | 7.741
ALPB 5548 | 39.67-67.25 | 5.300 36.2 132 | 7.936 | 115.4

PLH=plant height, ILS=inernode length of stem, ILB=internode length of branch, NIS=
number of internodes of stem, NILPB=number of internodes on the longest primary branch,
TNIP=total number of internodes per plant, CD=canopy diameter, SD=stem diameter,
LA=leaf area, NPB=number of primary branches, APB=angle of primary branches from the
main stem, NSB=number of secondary branches, LLPB=Ilength of the longest primary
branch, ALPB=average length of primary branches

Correlation among quantitative characters

The phenotypic and genotypic correlation analyses were computed for the 14 quantitative
characters using the 104-germplasm accessions (data not shown). The result of the analysis
showed positive and significant associations (both at P < 0.05 and P < 0.01) among the
characters in majority of the cases. However, negative and significant associations were also
observed in some cases.

The phenotypic correlation coefficients analysis in general indicated higher degree of
associations among the characters. The characters that correlated positively and significantly
with majority of the characters included canopy diameter, stem diameter, length of longest
primary branch and average length of primary branches where each had positive and
significant associations with ten of the quantitative characters. Further, the characters such as
plant height, number of internodes on the stem, number of internodes on the longest primary
branch, total number of internodes per plant, number of primary branches and number of
secondary branches correlated positively and significantly with seven characters each. On the
contrary, angle of primary branches and average internode length of primary branches did not
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show significant associations with any of the characters considered. Leaf area correlated
positively and significantly only with internode length of the stem and plant height while it
associated negatively and significantly with average internode length of branches and number
of primary branches. Srinivasan and Vishveshwara (1978) also reported positive and
significant associations of leaf area with plant height and internode length of the stem. In
view of this, it may be reasonable to surmise that stem diameter, total number of internodes
per plant and length of the longest primary branch are the most important characters with
respect to selection and improvement of Hararge coffee population. On the same analogy, it
could be stated that angle of primary branches and average internode length of branches are
less relevant.

Heritability and estimates of genetic advance

Broad sense heritability values obtained for the 14 quantitative characters of the 104 coffee
germplasm accessions ranged from 24.6 per cent (number of internodes on the longest
primary branch) to 90 per cent (average internode length of branches). High heritability
values were obtained for average internode length of branches (90%), canopy diameter
(51.9%) and plant height (50.8%). This result is in agreement with the previous works of
Mesfin and Bayetta (1988) who obtained higher estimates of broad sense heritability for stem
diameter, length of first single primary branch and plant height. This is suggestive that
selection for these characters is likely to result in positive response to selection, which is
supported by the observations of Falconer and Mackey (1989). Moderate values were found,
on the other hand, for the length of longest primary branch (43.5%), leaf area (41.5%),
number of internodes of the stem (40.3%), number of primary branches (40%), number of
secondary branches (39%), internode length of the stem (36.9%), average length of primary
branches (36.2%), total number of internodes per plant (32.8%), angle of primary branches
from the main stem (29.3%), stem diameter (25.1%) and number of internodes on the longest
primary branch (24.6%). This indicated that majority of the characters considered have
moderate heritability values hence, selection for any of these characters is likely to produce
intermediate responses (Falconer and Mackay, 1989). Similar results were reported by
Walyaro and Van der VVossen (1979) for majority of these traits. However, they also reported
low and high heritability value for plant height (18%) and stem diameter (65%), respectively.
The results of present study in respect of plant height and stem diameter are at variance with
the results of Walyaro and Van der Vossen (1979) that may be partially attributed to the
difference in the test material and environment (Srinivasan et al., 1979).

Estimate of genetic advance as percentage of the grand mean obtained for the 14 quantitative
characters ranged from 0.18 (for stem diameter) to 50% (for total number of internodes per
plant). Relatively higher estimates of genetic advance were exhibited for number of secondary
branches (36.8%), plant height (15.8%) and canopy diameter (14%). This result is in
agreement with Srinivassan (1988). However, internode length of branches, number of
primary branches and number of internodes of the stem showed lower estimates of genetic
advance, despite their higher heritability values; which might be attributed to their low value
of standard deviation due to the mean.

The information obtained on heritability and genetic advance could be used for planning
effective breeding programs in the genetic improvement of the coffee population (Bayetta,
2001) since it provides a useful indication of the relative value of selection in the material at
hand especially when selection of genotypes is based on phenotypic performance of
guantitative characters (Allard, 1960 and Hayes et al., 1955). This is corroborated by the
findings of Kumar et al. (1985) that estimation of broad sense heritability is one of the
prerequisites in any hybridization program. In light of this observation, heritability values and
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estimates of genetic advance obtained could be baseline information in the improvement of
Hararge coffee through selection and crossing.
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Diversity in the South Ethiopian Coffee (Coffea arabica L.)

M. KEBEDE, B. BELLACHEW AND S. SEIFU
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SUMMARY

A field experiment on evaluation of 41 south Ethiopian coffee accessions with 2 standard
checks of the southwest Ethiopian origin was conducted using Randomized Complete Block
Design at Wonago Research Sub-Station during 1999-2003 cropping seasons. Data on 7
morphological agronomic characters, average of three years data on severity of CBD and
CLR infestations and clean coffee yield was obtained for the 43 genotypes. The germplasm
accessions differed significantly for all the 7 morphological agronomic characters and yield in
the univariate analyses of variances indicating the prevalence of variability among south
Ethiopian coffee germplasm accessions. Further, the first four principal components explained
82.63 percent of the total variation prevalent within the germplasm accessions out of which
32.52 percent was explained by the first principal component. Average linkage cluster
analysis using Mahalanobis (D?) distance for the 10 characters grouped the 43 accessions in to
9 clusters. The number of accessions per cluster ranged from 1 in cluster IX to 13 in cluster II.
The clustering pattern of the accessions revealed the prevalence of genetic diversity in the
south Ethiopian coffee for the characters considered. The maximum inter-cluster distance was
observed between clusters V and VIII while the minimum was observed between clusters VI
and VII. The study highlighted the possibility of using accessions of the distant clusters as
potential candidates for the genetic improvement of south Ethiopian coffee through crossing
and selection.

INTRODUCTION

Coffee is the most important export crop of the south Ethiopian region with more than 46
percent share of the national market. It covers more than 185 000 ha of land in 50 Woredas
(districts) with 11 are high, 7 medium and 32 are low coffee producers. Garden coffee
comprises 130 000 ha, semi forest 45 000 ha and forest coffee 10 000 ha where the semi
forest and forest coffee production systems are pertinent to the western part of the region. In
2005 cropping season, the annual coffee production of the region was 131 000 tons out of
which 100 302 tons was exported as 60 percent washed and 40 percent dry processed
(SNNPR BOA and NRD, unpublished). The average yield of coffee in the region is 500 kg/ha
(for local or landrace cultivars) while 800 kg/ha for the released coffee berry disease resistant
cultivars. Though the region is highly endowed with suitable environments and immense
genetic diversity for coffee production, the productivity of coffee per unit area remains very
low as compared to world average. This is attributed mainly due to the lack of improved
cultivars for central and eastern coffee growing areas of the region, shortage of improved
agronomic technologies and prevalence of diseases mainly Coffee berry disease and coffee
wilt disease. Moreover, physiological problems such as die back partly caused by absence of
shade trees coupled with minimum use or absence of agricultural inputs in the smallholder
coffee orchards of Central and Eastern Zones of the Region is very common (SNNPR BOA
and NRD, 2004).

The exploitation of genetic diversity for crop improvement should be the ultimate objective of
genetic resources exploration and conservation. The vital stages of evaluation and
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incorporation of valuable characters such as disease resistance and/or tolerance to
environmental stress factors into new varieties appeared to be justifications of genetic
resources conservation, characterization, and evaluation (Ford-Lloyd and Jackson, 1986). In
cognizant of this fact, renewed efforts of coffee germplasm collection were undertaken
consecutively for 3 years (1995-1997) from different coffee growing areas of Central and
Southeastern part of the South Ethiopian Region by Jima Agricultural Research Center
(JARC) and as a result more than 350 accessions were collected and maintained at Awada
Agricultural Research Center.

Several workers have estimated the extent of genetic diversity present from the different
sources of arabica coffee germplasm collections. For instance, a study by Catter (1992) on
second progeny arabica coffee collections of Ethiopian origin indicated the prevalence of high
level of variability in morphological, agronomic and biochemical characteristics. The genetic
diversity analysis conducted by (Lashermes et al., 1996) using RAPD markers on cultivated
and sub-spontaneous accessions of arabica coffee confirmed the narrow genetic base of
commercial cultivars (3 typica and 3 bourbon types). On the other hand, they reported the
existence of large genetic diversity within the sub-spontaneous material, which consisted of
11 samples representing the different coffee growing areas in Ethiopia. Further, they have
suggested the prevalence of an east-west differentiation in the Ethiopian coffee germplasm.
Similarly, Montagnon and Bouharmont (1996) characterized 148 arabica coffee accessions for
phenotype diversity under field condition. They have evaluated the accessions using eighteen
different morphological and agronomic traits by employing multivariate analysis and
identified two main groups in the coffee accessions. According to them, accessions of group |
have a more erect branching habit, narrower leaves, and were more resistant to coffee leaf rust
and coffee berry disease than accessions of group Il. They further opined that group I mostly
contained Ethiopian arabica coffee accessions collected from west of Great Rift Valley,
whereas group Il contained commonly cultivated varieties throughout the world and Ethiopian
accessions collected from east of Great Rift Valley in Ethiopia. On the same basis, the present
study was conducted in order to estimate the genetic diversity among South Ethiopian coffee
germplasm collections and to facilitate for use in the ongoing breeding program.

MATERIALS AND METHODS

The experiment was carried out at Wonago Agricultural Research Sub-Station (WARSS)
located near Wonago town, 99 km south of Awassa town at an altitude of 1850 meters above
sea level. The sources of test materials were 41 South Ethiopian coffee accessions that were
collected from 6 Woredas of Gedeo, Sidama and Wolayta zones and maintained in the field at
WARSS (Table 1). The 41 accessions and 2 released coffee berry disease (CBD) resistant
cultivars were planted in July 1999 using Randomized Complete Block Design in 4
replications. Data on 7 morphological agronomic characters vis-a-vis stem girth, plant height,
number of primary branches, number of stem nodes, length of longest primary branches,
canopy diameter and internode length of the main stem; percent disease infestation levels on
CBD and coffee leaf rust (CLF) and average of 3 years clean coffee yield was obtained on the
43 genotypes.

DATA ANALYSIS

A two-way analysis of variance (using MSTATC statistical software package) was computed
for each quantitative character in order to identify the variability among the genotypes.
Further, the data were standardized to a mean of zero and a variance of unity, to avoid
differences in scales used for analyses before undertaking principal component and
divergence analyses. Genetic divergence between clusters was determined using the
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generalized Mahalanobis’s D? statistics. Clustering of the accessions was performed using the
proc cluster procedure of SAS version 8.2 software package (SAS Institute, 2001) by
employing the method of average linkage cluster analysis of observations. The D? values
obtained between and within clusters (inter and intra-cluster distances) were tested for their
significance at the required level of probability against the tabulated values of X* for p degrees
of freedom where p is number of characters (Singh and Chaudhary, 1987).

Table 1. Details of germplasm accessions used in the study.

Place of Total number of
collection Collection number (genotype identity) genotypes per Remark
(Woreda) Woreda
85190, 85181, 85188, 85196,85195,
Wonago 85193, 85200, 85180, 3170, 3270, 1377, 16 Gedeo Zone
2077,2777, 3677, 3977, 2181
85245, 85238, 85257, 85237, 85241,
Yirgachefe 85252, 85260, 85246, 85259, 2970, 11 Gedeo Zone
3070
85264, 85296, 85265, 85263, 85288, i
Aleta Wondo 85260, 85204 7 Sidama Zone
Dale 3470, 3670 2 Sidama Zone
Bolososore 1681, 2081 2 Wolayta Zone
Sodozuria 1870 1 Wolayta Zone
Southwest Releas_ed CBD
Ethiopia 75227, 744 2 Re5|_stant
cultivars
Unknown 85213, 85232 2 Gedeo Zone

RESULTS AND DISCUSSIONS

Analyses of variances

Univariate analyses of variance were computed using MSTATC version 2.10 statistical
software program for the seven quantitative morphological characters and the three years
combined yield data. The ANOVA showed a highly significant difference among the
genotypes for all the characters considered. Southeast Ethiopian coffee population was stated
to be of narrow genetic base (Lashermes et al., 1996; Anthony et al., 2001), however, the
findings of this study indicates the presence of wide variations among Southeast Ethiopian
(Sidama, Gedeo and Wolayta) landrace coffee populations located east of the Great Rift
Valley. This might be attributed to the differences in the type of collections used i.e. forest
coffee versus landraces. Since landraces are traditional varieties that have evolved over
generations of selections by farmers (Harlan, 1992; Frankel et al., 1995), they are
characterized by high genetic heterogeneity, good adaptation to local environmental
conditions and low productivity. In view of this it may be reasonable to state that there is a
good chance to improve Sidama, Gedeo (Yirgachefe) and Wolayta coffees through selection

and breeding. Such a view was endorsed by the work of earlier researchers (Leroy et al.,
1993; Catter, 1992).
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PRINCIPAL COMPONENT ANALYSIS (PCA)

The first four principal components with eigen values greater than unity explained 82.63
percent of the total variation among the 43 genotypes for the 10 quantitative characters
measured. The first principal component accounted nearly one third (32.52%) of the total
variation (Table 2). Accordingly, canopy diameter, number of nodes on the main stem,
number of primary branches and plant height in that order are the most important characters
that contributed for the variation in the first PC. On the same basis, internode length, number
of nodes on the main stem, number of primary branches and plant height had significant
contributions for the variation in the second PC. In the 3" PC yield, severity of coffee berry
disease, plant height and internode length are the most important characters that contributed
for the variation obtained.

In light of the results obtained from the PCA, it may be possible to deduce that more than half
(53%) of the variation obtained was primarily due to such characters as; number of nodes,
primary branches, and plant height of the main stem. This perhaps emphasized the
significance of these characters to the appraisal of genetic diversity in the south Ethiopian
landrace coffee populations. More over, these characters could be used as a selection criterion
for improving the productivity of the crop since they represent the lion's share in the
variability of the coffee population in the specified area.

Table 2 Eigenvalues, total variance, cumulative variance, and eigenvectors
for the 10 characters.

Characters PC1 PC 2 PC3 PC4
Stem girth 0.3202 0.2181 0.0278 —0.4966
Plant height 0.3657 0.2544 0.3688 0.2707
Number of primary branches 0.3934 | -0.4099 —0.0944 0.0404
Number of nodes on the stem 0.4007 | -0.4265 —00025 0.0620
Length of longest primary 0.3473 0.2676 —0.0210 —0.3109
Canopy diameter 0.4949 0.1001 0.0418 —0.0852
Internode length of the stem 0.0856 0.5465 0.3488 0.2857
% CBD infestation 0.0039 | —0.2906 0.5251 —0.3920
% CLR infestation 0.1878 | -0.2377 0.1982 0.5299
Average yield 0.2007 0.1286 —0.6097 0.2340
Eigenvalues 3.2519 2.0916 1.7386 1.1810
%Total variance 32.52 20.92 17.39 11.81
%Cumulative variance 32.52 53.43 70.82 82.63

Note: PC1, PC2, PC3, and PC4 are the first four principal components with eigenvalues

greater than unity.

CLUSTER ANALYSIS

The 41 southeast Ethiopian coffee selections including 2 southwest Ethiopian CBD resistant
cultivars were grouped in to 9 clusters suggesting the prevalence of wide phenotypic
variations in the coffee populations. The number of genotypes per cluster varied from 1 in
cluster IX to 13 in cluster Il. Cluster 111 contained selections only from Gedeo Zone
(Yirgachefe & Wonago Woredas). On the same manner, in cluster V except 1 from Wonago,
was composed of selections from Sidama Zone (Dale and Aleta Wondo Woredas). The 2
CBD resistant cultivars (75227 and 744) used as checks were grouped in clusters VI and VII
where each cluster had 3 selections.
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The selections from Wonago Woreda distributed in to 6 clusters where 7 out of 16 were
grouped in cluster Il. Similarly the selections from Yirgachefe distributed in to 5 clusters
where 4 out of 11 were grouped in cluster I11. Relatively low mean yield and higher scores of
both CBD and CLR infestations characterized cluster IX that contains only 1 selection from
Yirgachefe Woreda.

The cluster analysis failed to clearly show relatedness of the selections due to geographical
origin. Rather it is evident that there is overlapping of clustering patterns in respect of all
Woredas, which could be explained as lack of differentiation among Woredas arising partly
due to gene flow (Amsalu Ayana and Endashaw Bekele, 1999)

Table 3. Distribution of the 43 genotypes over nine clusters based on the 10 characters
considered in the study.

Woreda Clusters Total
I I Il v V Vi VI VI IX | genotypes

per
Woreda

Yirgachefe - 4 4 1 - 1 - - 1 |11

Wonago 3 7 2 1 1 1 1 - - |16

Dale - - - - 2 - - - - |2

Aleta Wondo |1 2 - - 2 - 1 1 - |7

Sodozuria - - - 1 - - - - - |1

Bolososore - - - - - - 1 1 - |2

Southwest - - - - - 1 - 1 - |2

Unknown 1 - 1 - - - - - - |12

Total 5 13 |7 3 5 3 3 3 1 |43

Table 4. Inter (Bottom) and intra (bold and diagonal) cluster distances
among the 43 genotypes.

Clusters I I Il v V Vi Vil VIl IX

| 4.3

I 26.4** 2.4

Il 34.1%* | 30.6*** 3.6

v 42.6* | 18.7* | 26.5** 5.3

\Y 60.6%** | 55.2%*x | 37.3*** | 33.2*** 4.3

Vi 56.4*** | 28.3** | 30.0*** | 22.9* 18.8* 5.3

Vil 68.4*** | 41.5%** | 27.9** | 49.4> | 33.2** | 18.6* 5.3

VIl 85.3%** | 3L.1*** | 81.2%** | 43.9*** | 134.7*** | 75.8*** | 110.6*** 5.3

IX 50.0%** | 42.6*** | 40.0*** | 33.0*** | 58.0*** | 56.8*** | 62.5*** | 74.6*** | 0.0

* =Significant at P<0.05 (X° =18.307)
** =Sjgnificant at P<0.01 (X* =23.209)
**+* =Gjgnificant at P<0.001 (X? =29.588)

INTER AND INTRA-CLUSTER DISTANCE (D% ANALYSIS
Almost all clusters showed a highly significant (P < 0.01) difference among each other. The

smallest inter-cluster distance (18.6) was observed between clusters VI and VII while the
highest (134.7) was between clusters V and VIII. In most of the cases, the genotypes among
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the clusters are significantly (P < 0.001) divergent from each other. Considering the intra-
cluster (within cluster) distance, no significant genetic dissimilarity was detected.

Since the magnitude of heterosis largely depends upon the degree of genetic divergence in the
parental lines, the germplasm selections belonging to the pairs of distant clusters such as V &
VI, VII & VI and | & VI could be very useful in hybridization program to obtain a wide
variation among the segregates and to maximize heterosis in the F1. Similar view was held by
earlier researchers (Souza and Sorrels, 1991).
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SMMARY

Eighty one accessions of the Ethiopian coffee (Coffea arabica L.) germplasm were evaluated
for fifteen characters at the seedling stage at Jimma Agricultural Research Center during
2002/2003 cropping season with the objectives of estimating the magnitude of phenotypic and
genotypic variability, correlation coefficient, heritability and expected genetic advance. In
effect, seedlings from the 81 accessions were raised and grown up in the nursery after
arranging them in simple lattice with sixteen seedlings per plot. Eight months old seedlings
were evaluated for different characters. The accessions differed significantly for all the traits
except shoot (SDW) and root (RDW) dry weight, tap root length (TRL) and number of lateral
roots (NLR) indicating that there is sufficient variability to have an effective selection for
traits of interest. Stem diameter showed the minimum phenotypic (PCV) (10.1%) as well as
genotypic coefficient (6.4%) of variation (GCV) whereas both PCV (33.5%) and GCV
(21.7%) were highest for shoot fresh weight. Estimates of broad sense heritability ranged
from 37.1% for root fresh weight (RFW) to 65.7% for leaf width (LW). Values of expected
genetic advance (GA) expected from selection of the top 5% of the accessions as expressed
relative to the means ranged from 9.4% for stem diameter (SD) to 31.9% for leaf area (LA).
High heritability estimates for internode length, total number of stem nodes, leaf length, leaf
width and leaf area coupled with high genetic advance indicated that these traits could be
improved through mass selection. Of all the traits considered in the present investigation,
seedling height with internode length; number of true leaves with total number of stem nodes;
leaf length with leaf width, leaf area and shoot fresh weight; leaf width with leaf area and
shoot fresh weight; leaf area with shoot fresh weight; and root fresh weight with lateral root
length exhibited significant phenotypic and genotypic correlations suggesting that selection
directed towards one character may also directly affect the others. However, care should be
taken in controlling environmental effects due to significant positive phenotypic correlations.
Overall, the study confirmed the presence of trait variability and higher estimates of genetic
parameters for most of the characters in the Ethiopian coffee germplasm evaluated indicating
the presence of immense opportunity for genetic improvement of the crop.

INTRODUCTION

Similar to other crops, yield in coffee (Coffea arabica L.) is a complex trait as it is
polygenically controlled. Thus, knowledge of the association of various plant characters with
yield and among themselves is essential. Such knowledge aids to identify morphological
characters that are best indicators of yield potential and may be used for selecting for yield at
the prebearing stage. Moreover, information on the nature and magnitude of variation in a
population and the extent of environmental variation on the expression of these characters are
necessary for selection to be efficient.
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Establishment of the association between seedling and matured plant characters could help in
advancing early selection and saving considerable amount of time particularly in a perennial
crop like coffee where a single of generation selection takes ten or more years. Studying
plants at seedling stage could help in advancing selection and early evaluation of
morphological traits in plants may potentially select better plants at maturity (Ramos and
Carvallho, 1997). Moreover, it was indicated that nursery pot experiments are preferred due to
reduction of variability resulting from environmental factors. Ramos (1980) and Ramos et al.
(1982), evaluating some coffee genotypes, showed that the study of young plants germinating
in homogeneous substrates is feasible, allowing the simultaneous study of a large number of
plants.

Various characteristics related to root systems of seedling and young plants have been studied
with the purpose of characterizing varieties and species within the genus coffea (Monaco et
al. 1973); determining the root fresh matter (Leon and Umana, 1961); the main (apical) root
length (Ramos, 1980); the relative root surface (Ramos et al., 1978) and the shoot diameter,
the root volume and the main root length (Ramos and Lima, 1980). Franco and Inforzato
(1946) showed that the developmental pattern of coffee roots depends on the plant genotype.
Shoots and seedling vigor also varied in different clones of Coffea canephora (Naidu et al.,
1992).

Though nursery evaluation of seedlings in arabica coffee is not a common practice, there are
some evidences that warrant the effectiveness of seedling evaluation. Root and shoot
characteristics in coffee were associated with yield and environmental tolerances by Dublin
(1968). Walyaro (1983) made nursery evaluation of certain traits in arabica coffee and
reported high and positive correlation between heights measured in the nursery and field
(r = 0.91**), angles of laterals measured in the nursery and field (r = 0.77**). He also noted
positive correlation between mean over three years yield and earlier records of seedling girth,
number of laterals, length of longest lateral, number of leaves and leaf area in the nursery.
Mesfin (1982), working with Ethiopian arabica coffee, reported good association between
growth of 21 months old seedling and girth (r = 0.79*), number of flowers and fruits
(r = 0.48*) measured on three years old F; plants. Yehasab (1988) has also reported good
correlation between three years average yield of Fi's and seven F, seedling characters
(r=0.31-0.80%).

Yehasab (1988) reported heritability estimate of seedling characters such as stem diameter,
number of leaves, height, shoot fresh weight, root dry weight, number of nodes and root
volume, which ranged from 70 to 88.77 percent. Recently, Bayetta (2001) reported high broad
sense heritability estimates for all the characters measured (stem diameter, number of leaves,
height, shoot fresh weight, root dry weight and number of nodes). This ranged from 71.43 to
97.32 percent. Therefore, estimation of genetic parameters for growth characters, for which
earlier studies confirmed strong correlation with coffee yield, is worth considering.

In view of these facts, the present study was conducted with the objective of estimating the
magnitude of phenotypic and genotypic variability, correlation coefficient, heritability and
expected genetic advance of certain traits at the seedling stage.

MATERIALS AND METHODS
Eighty-one coffee accessions were evaluated based on seedling characters at Jimma
Agricultural Research Center (JARC) of the Ethiopian Institute of Agricultural Research. The

research center receives an average annual rainfall of 1500 mm and has mean maximum and
minimum temperatures of 25.0 °C and 11.2 °C, respectively. The experiment was laid in a 9 x
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9 Simple Lattice Design. Sixteen (16) coffee seeds were sown per accession following the
conventional method used for raising coffee seedlings (Taye, 1998). All management
practices such as watering, mulching, shading; weeding and other operations were applied
timely and uniformly as per the recommendations (Tesfaye, 1995) throughout the trial period.

Five eight months old seedlings were recorded per plot for root and shoot characters. Both
destructive and non-destructive methods were used to record the required characters. The
characters considered were, Seedling height, Number of true leaves, Mean leaf length, Mean
leaf width, Total number of main stem nodes, Internode length, Stem diameter, Shoot fresh
weight, Shoot dry weight, Root fresh weight, Root dry weight, Leaf area, Tap root length,
Number of lateral Roots and Lateral root length.

All statistical analyses and data processing were performed using SAS (SAS Institute, 2001)
version 8.2 Software. Analysis of variance for the traits considered was done using the
following model (Singh and Ceccarelli, 1995):

Yij =+ gi+ 1)+ &

Where: Y;; = the response of Y trait from the i™ accession, j™ replication.

M = Population mean.

gi = the effect of the i genotype.

r; = the effect of the j™ replication.

&ij= experimental error/error variance.

Estimates of genetic parameters were computed as shown below:

1) Estimation of variance components: The genotypic and phenotypic variance
components and coefficients of phenotypic and genotypic variability were estimated based
on the method suggested by Burton and De Vane (1953), Al-Jibouri et al. (1958) and
Miller et al. (1958).

Genotypic Variance (0%):

Environmental Variance (0%):
o’e= error mean square (MSe)
Phenotypic Variance (azp):
Gzp: 02g+02e
Where; MSg= mean square due to genotypes

MSe= environmental variance (error mean square)
r= number of replications
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Phenotypic Coefficient of variation (PCV):

pev= P X100
TX

Genotypic Coefficient of variation (GCV):

Jo'g
GCV="=-> X100

2) Heritability (H): Heritability in broad sense for all characters was computed using the
formula suggested by Falconer (1989).
2
Og
Heritability (H) = 02 ,

x100

Where; H= heritability (in broad sense)
0°4= genotypic variance
o’»= phenotypic variance

3) Genetic advance (GA) under selection: Expected Genetic advance for each character (at
5% selection intensity) was computed using the methodology described by Johansson et
al. (1955).

GA=k. g,. H

Where,

GA= expected genetic advance

K= constant (selection differential where k=2.056 at 5% selection intensity)
op= phenotypic standard deviation on mean basis

H= Heritability in broad sense

4) Genetic advance as percent of mean (GAM): was also calculated to compare the extent
of predicted genetic advance of different traits under selection using the following
formula:

cAmM=2

X

Where, GAM= genetic advance as percent of mean, X = mean of the population in which
selection was employed.

RESULTS AND DISCUSSION
Analysis of Variance
The results of the present study revealed that all the seedling parameters except shoot dry

weight (SDW), root dry weight (RDW), tap root length (TRL) and number of lateral roots
(NLR) exhibited highly significant (P < 0.001) mean squares due to coffee accessions
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(Table 1) indicating the presence of considerable variation among the coffee accessions
evaluated. Significant variations for the characteristics considered in the study indicate that
they were genotype dependent, or under genetic control. Previous works have also confirmed
the genotypic effect in coffee seedling measurements (Vishveshwara and Raju, 1974; Naidu et
al., 1992). The present finding is partly in agreement with previous findings of Bayetta (1991)
and Yehassab (1988) who reported the presence of highly significant variation for traits
studied in coffee seedlings.

Table 1. Summary of mean squares.

Mean Squares

Characters Replication (1) | Error (80)* | Genotypes (80)°
Seedling height 3.67 4.92 12.15***
Internode length 0.0001 0.096 0.349***
Total number of main stem nodes 0.48 0.16 0.555***
Leaf length 0.72 0.37 1.687***
Leaf width 0.35 0.07 0.361***
Stem diameter 0.001 0.001 0.0014***
Number of true leaves 0.75 0.91 2.279***
Leaf area 13.40 7.33 25.25%**
Shoot fresh weight 0.38 1.16 2.836***
Shoot dry weight 0.97 0.66 0.85"™
Root fresh weight 3.16 0.35 0.76***
Root dry weight 0.07 0.07 0.017"™
Number of lateral roots 3.49 178.11 205.27"™
Lateral root length 34.83 2.27 5.27***

Note: ***= highly significant (P <0.001); a = degrees of freedom for the respective source
of variation; ns = non-significant.

Estimates of Variability

The results of the analysis for the mean range between the accessions (Table 2) revealed a
considerably wide deviation for all the seedling characters studied. The highest value was
almost twice of the minimum value for seedling height, total number of stem nodes, leaf
length, number of true leaves and leaf width; three fold for lateral root length; four fold for
leaf area; five fold for root fresh weight and seven fold for shoot fresh weight. This result
clearly indicated the presence of significant variation between the accessions for these
characters and the possibility to bring considerable improvement of the traits through
selection alone.

The estimate of phenotypic coefficient of variation (PCV) (Table 2) ranged from 10.1% for
stem diameter to 33.5% for shoot fresh weight. Among the characters measured, stem
diameter, root fresh weight, leaf area, lateral root length, internode length, seedling height and
leaf width had a PCV higher than 15%. Similarly, a range of 6.4 % for stem diameter to 21.7
% for shoot fresh weight was observed for the genotypic coefficient of variation (GCV). The
GCV was also higher than 15% for shoot fresh weight, leaf area, root fresh weight, lateral root
length and internode length indicating the availability of sufficient variation for the
improvement of these traits through selection and confirming the conclusions made earlier
based on mean range value analysis.
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Estimates of Heritability and Genetic Advance

In the present investigation, estimates of heritability in the broad sense ranged from 37.1% for
root fresh weight to 65.7% for leaf width. This finding is in contrast to the higher heritability
estimates obtained for seedling parameters by Yehasab (1988) and Bayetta (2001).
Heritability estimates of greater than 50% were observed for internode length, total number of
main stem nodes, leaf length, leaf width and leaf area reflecting that these characters are
highly heritable and thus improvement of these traits through selection could be efficient.
Previous investigations by various authors have also indicated the existence of genotypic
effect for Coffee seedling measurements (Vishveshwara and Raju, 1974; Naidu et al., 1992).

The expected genetic advance as percent of the grand mean was highest for leaf area
(31.91%); followed by shoot fresh weight (28.91%), root fresh weight (25.00%), internode
length (23.40%), leaf width (21.14%) and lateral root length (20.25). In addition, internode
length, total number of stem nodes, leaf length, and leaf width and leaf area exhibited high
estimates of heritability and genetic advance indicating their greater amenability for selection.

All the characters investigated in the present study (Table 3), except internode length with
total number of stem nodes, exhibited positive and significant phenotypic correlation among
themselves. However, the genotypic correlation coefficient was significant only for seedling
height with internode length; number of true leaves with total number of stem nodes; leaf
length with leaf width, leaf area and shoot fresh weight; leaf width with leaf area and shoot
fresh weight; leaf area with shoot fresh weight; and root fresh weight with lateral root length.
The strong genotypic correlation observed among these characters may indicate that these
characters are most probably controlled by the same genetic system that might be linked. This
implies that selection directed for one trait will directly affect the other associated trait. Some
of the characters, such as leaf length with leaf area and shoot fresh weight, have also showed
high correlation because of their obvious close association.

Moreover, the high positive association of yield with stem diameter and shoot fresh weight;
positive and highly significant association of bearing primaries with number of leaves,
number of nodes and root fresh weight; and positive and significant association of number of
fruits with number of leaves, number of nodes and shoot fresh weight observed earlier in
eight months old seedlings by Yehasab (1988) indicated the importance of these characters in
selecting for yield potential at seedling stage.

CONCLUSION

The results of the study revealed the presence of considerable variation among the coffee
accessions evaluated and this can be utilized for further improvement of the crop. Certain
traits (Shoot fresh weight, Leaf area, Root fresh weight, Lateral root length and Internode
length) exhibited higher GCV indicating that there is sufficient variation for improving these
traits. Thus they should further be evaluated to verify their possible association with field
performance and be considered in selection.

Traits that had higher genotypic coefficient of variation, heritability and genetic advance
(SFW, RFW and TNMSN) and for which earlier reports confirmed strong and positive
association with yield and yield components in coffee may be utilized in selecting high
yielding genotypes at the seedling stage. Moreover, traits that had significant and positive
genotypic association with each other (seedling height with internode length; number of true
leaves with total number of stem nodes; leaf length with leaf width, leaf area and shoot fresh
weight; leaf width with leaf area and shoot fresh weight; leaf area with shoot fresh weight;
and root fresh weight with lateral root length) may indicate that these characters are most
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probably controlled by the same genetic system that might be linked. This implies that
selection directed for one trait will directly affect the other associated trait. Conversely, low
or non-significant genotypic correlations exhibited by most of the traits suggest independence
of association, an indication that it could be possible to characteristics to diverse directions.
However, care should be taken in controlling the environmental effects because of significant
and positive phenotypic coefficient of correlations and the study should continue to verify
possible association of measurements at the seedling stage with known features of the
respective genotypes at adult plant stage.
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SUMMARY

A number of reports are being published which indicated that the arabica coffee genepool of
Ethiopia, which represents an important heritage of mankind and the most important resource
for breeding of varieties and biological research, is under a severe threat of genetic erosion.
The effort made so far to conserve the vast coffee genetic resource that the country is
endowed with and to assess and monitor genetic erosion in this crop of high economic
significance and world heritage has also been reported to be very little. Consequently, there
has been a rising concern about possible genetic erosion of landrace coffee types and wild
relatives due to replacement by few Coffee Berry Disease (CBD) resistant coffee varieties,
shift in land use from Coffee growing to chat (Catha edulis Forks.ex Endl), deforestation of
and incidental fire on the forest coffee ecosystem which harbour the arabica coffee genepool,
and settlement of immigrants in portions of the forest coffee. In this article, the major factors
contributing to the dewindling of the arabica coffee gene pool are discussed, the weak link
between private public partnerships and international collaboration is highlighted and
measures to be taken to save the threatened arabica coffee genepool are suggested.

Key words: Genetic erosion, Coffea arabica, Germplasm

INTRODUCTION

It has long been recognized that Ethiopia is the center of origin and genetic diversity of
arabica Coffee (Coffea arabica L.) which fetches premium prices in the world market,
provides a livelihood for over 25% of the Ethiopian population, covers 4-5% of GDP and
60% of the country's foreign exchange earnings and contributes for employment of rural and
urban communities involved in the production and sale of the crop, source of income and food
security for the producing countries. No other product or service in Ethiopia offers these
opportunities.

Ethiopian Coffee (Coffea arabica L.) represents an important heritage of mankind and the
most important resource for breeding of varieties and biological research. Various researchers
have reported that the types of production systems (Melaku, 1982b), the occurrence of wild
coffee types with distinct phenotypic differences, distinct variation observed in quality and
bean size (Dawit, 1986), and the existence of distinct agrotypes adapted to the system of
production (Watkins, 1987) could be considered as indicators of the vast diversities existing
in the Ethiopian coffee. Moreover, Paulos and Demil (2000) reported that almost the entire
south-west Ethiopia and more than half of South Ethiopia could have been covered by coffee
plantations due to suitability of the land and agro ecology had it not been for growing other
food crops. Despite its importance to biological research and cultural and socio-economic
values to all those involved in its production and trade, however, it is one of the most
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neglected crops in the world with respect to genetic conservation (Tewoldebirhan, 1990), the
effort made so far to conserve the vast coffee genetic resource that the country is endowed
with is very little. Consequently, there has been a rising concern about possible genetic
erosion of landrace coffee types and wild relatives due to man-made and other natural
calamities and the effort made so far to assess and monitor genetic erosion in this crop of high
economic significance and world heritage has also been very little. Therefore, this article is
prepared with the following objectives:

1. to highlight the threat of genetic erosion to Ethiopian Arabica coffee germplasm and
2. suggest/recommend possible solutions

Genetic erosion

Genetic erosion (the extinction of land races by natural and man made calamities) of
agricultural crops is a threat to global food security as a consequence of enhanced risks to
pests, diseases, and extreme environmental conditions. Continued existence of genetic
diversity of crops ensure against these problems but is threatened by increasing dependence
on modern, high yielding crop varieties, changes in historic land use patterns, changes in local
and regional economies, and shortages of agricultural labor. Scarascia-Mugnozza and Perrino
(2002) reported that the spread of new and more productive crop varieties, which were
generally less heterogeneous than primitive populations, paradoxically started the well-known
process of genetic erosion. Moreover, they have reported that outbreak of Southern Corn leaf
blight in the 1970s’ and a catastrophic outbreak of Coffee leaf rust in Brazil provoked
publicity of genetic erosion on a global scale. Engles and Hawkes (1971) reported that the
diversity in the Ethiopian coffee gene pool is highly threatened by erosion due to extensive
deforestation and replacement of primitive coffee populations by maize, chat and other crops,
and changing patterns in land use.

Apart from preliminary observations and speculations, systematic study of genetic erosion
(causes, extent and consequences) in the arabica coffee gene pool of Ethiopia is limited and
the effort made so far to assess and monitor genetic erosion within this crop on-farm is very
little and the crop seems particularly threatened due to the following factors:

CHANGES IN LAND USE

The genetic resources of coffee and the associated flora and fauna are disappearing rapidly as
a result of deforestation of the ecosystems due to increased demand for more cultivable land
for crop production (as a result of population growth, decline in soil fertility and productivity
of the currently cultivated land), fuel wood and timber. A shift in the land use pattern from
coffee cultivation to that of khat (Catha edulis Forsk.ex Endl.) has also been observed with the
decline in the market price of coffee and other socio-economic factors Zenebe et al. (2002).
Watkins (1986) and the IAR team concluded that 80 percent of the Coffee from Habro
Awraja, which produces 40 percent of the Harer coffee, is rapidly declining in production and
suggested a prompt action to save the germplasm of this coffee which has a tremendous
worldwide reputation for quality. A recent study conducted by Teklu and Thomas (2004) in
Yayu and Sheko woredas indicated continuous price reduction as a number one threat (Table
1) to population of wild coffee in the forest. With the decline in the market price of coffee,
framers start to look for other alternatives like growing cereals and selling them in the market.
This in turn meant that they engage themselves in clearing forests in search of more
agricultural lands (Teklu and Thomas, 2004). This has also been reported by other researchers
(Demil, 1999; Zerihun, 1999; Tadesse et al., 2002).
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An unpublished report of a survey carried out by Bayetta et al.(1996) in the southern part of
Ethiopia have also revealed that farmers were forced to uproot a large number of coffee
farms covered by landraces and replace it with khat (Catha edulis Forsk.ex Endl.) with the
decline in the market price of coffee. Similar trends have also been observed with the current
decline in the market price of coffee. In a recent (2005) coffee collection mission in the Dale
and Aletawondo Woredas of southern Ethiopia, the team have witnessed replacement of
coffee landraces by the very few improved selections and shift in land use from Coffee
growing to Khat (Catha edulis Forsk.ex Endl) pineapple and maize in drought prone areas
where these crops have a comparative advantage over coffee particularly when coffee prices
are very low. If the prevailing conditions continue without appropriate intervention by the
state and the local community, we may end up with a narrow genetic base of our coffee
genetic resource for which no immediate remedy can be sought.

Table 1. Farmers’ perception of threat (%) to wild coffee population in Yayu
and Sheko forest.

Threats to the wild coffee Population Yayu Sheko Total
Indiscriminate deforestation 22.5 18.60 20.60
Population increase 15.80 24.40 20.10
Agricultural expansion 10.50 12.50 11.50
Price reduction 30.0 25.00 27.50
Disease 21.20 19.50 20.30
Total 100.0 100.0 100.0

Source: Teklu and Thomas (2004).
REPLACEMENT OF LAND RACES BY IMPROVED CULTIVARS

With the advent of scientific plant breeding, the rapid spread of high yielding varieties,
characterized by a narrow genetic base caused the displacement of traditional unimproved
cultivars, which had larger genetic bases.

The Coffee Improvement Project (CIP) initiated by the former government of Ethiopia to
combat the deadly Coffee Berry Disease (CBD) has resulted in the development and release
of thirteen CBD resistant selections that have originated from southwestern parts of the
country. The development and release of these lines all over the country and the subsequent
replacement of landraces by these improved but narrow spectrum of varieties in the last three
decades witnesses the prevalence of genetic erosion in our coffee genetic resources unless
necessary precautions are taken.

Mesfin Ameha (1971) reported that with the advent of Coffee Berry Disease (CBD) in 1971
and the subsequent identification CBD resistant selections, the distribution of resistant
cultivars resulted in the retention of relatively invariable individuals in some typical coffee
forests where they were replanted after forest clearing. He further noted that this has caused
significant losses in genetic diversity and indicated that between 25,000 and 35,000 hectares
of semi-forest coffee has so far been replaced with CBD resistant cultivars leading to at least
10 percent loss. Moreover, it was estimated that about 120,000 hectares of land will be
replanted with the advanced cultivars and about 80 percent of the remaining 230,000 hectares
will be lost through other factors by the year 2000 (Mesfin Ameha, 1971) if agricultural
development, forest utilization and population growth continue with the pace that prevailed
during that time.
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An unpublished report of Dale Woreda Pilot Learning Site Diagnosis and Program Design
(2004) indicated that the proportion of improved selections versus landraces varies between
regions depending on the presence of road infrastruture. The report further noted that farmers'
interviewed in one peasant association near the road reported up to 90% of their coffee being
from improved varieties. Hence, it is generally assumed that there is a rapidly diminishing
diversity within the arabica coffee genepool on farmers' fields. However, Jimma Agricultural
Research Center has taken the initiative to minimize, if not to stop, the loss of coffee genetic
resources by establishing sub-centers, sub-stations and testing sites in the major coffee
growing regions, where landraces are collected, characterized, utilized for various coffee
research activities and thereby conserved.

GEO-POLITICAL PROBLEMS

The permanent settlement of immigrants who come in search of job opportunities during the
peak coffee harvesting season and remaining behind has also been reported to contribute to
the loss of our coffee genetic resource. These immigrants were reported to demarcate portions
of the forest coffee area, claim as their possession illegally and start inflicting damage on the
resources. Political unrest may also result in mass destruction of forest ecosystems, field gene
banks and infrastructures installed for conservation.

DEFORESTATION AND FOREST FIRE

The coffee forest and wild coffee are disappearing rapidly mainly because of deforestation

(Teklu and Thomas, 2004). Quite recently, Ethiopia experienced a catastrophic event of
incidental fire in which over 70,000ha of forest in the south-eastern part of the county was
burnt down in February-March 2000 (Tadesse, 2002). Deforestation of and incidental fire on
the forest coffee ecosystem that harbours the arabica coffee genepool contributed to the loss
of forests housing much of the arabica coffee genepool (Tadesse, et al., 2002). Paulos and
Demil (2000) reported that erosion of the vast coffee genetic resource base of Ethiopia is
being caused by destruction of habitats by deforestation. In a recent study conducted by Teklu
and Thomas (2004) in Yayu and Sheko Woredas, deforestation was mentioned by farmers as
one of the factors to which decrease in the population of wild coffee is attributed (Table 2).

Table 2. Farmers’ perception (%) of factors that have led to the change in population of
the wild coffee in the forest in Yayu and Sheko.

Factor Yayu Sheko Total
Ageing 16 22 23
Deforestation 47 34 40.5
Agri.Expansion 17 36 26.5
Disease 10 8 10

Source: Teklu and Thomas (2004).
PREVALENCE OF COFFEE PESTS

Prevalence of severe diseases-particularly of Coffee berry and wilt diseases has been reported
to be one of the major factor threatening arabica coffee population in the forest. Adugna and
Hindorf (2000) and Girma and Hindorf (2001) reported diseases and pests (Coffee Berry
Disease (CBD), Coffee Leaf Rust (CLR), and other pathogens as well as pests) as factors
threatening wild coffee population in the forest
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ISSUES THAT NEED TO BE ADDRESSED

Improved Partnerships in conservation

It is well known that the genetic base on which the coffee industries around the world depend
is narrow and thus endanger the coffee based industries and the people depending on them, if
production fails due to such unforeseen calamities as diseases and pests as that occurred due
to the outbreak of Coffee Leaf Rust (CLR) in 1869 and 1870 Srilanaka, Java and Sumatra
respectively where coffee plantations were completely wiped out because of a narrow genetic
base. Moreover, it is widely accepted that the future coffee breeding efforts will depend on a
continuing and expanding supply of germplasm. Thus, an urgent task for the future is to
strengthen collaborative efforts to conserve our coffee genetic resources that play a major role
in the socio-economic development of the country.

The role of Local communities in decision making

Previous attempts to conserve the forests in general and the coffee forests in particular were
precarious and did not have significant impact. One of the many possible factors to past
failures is failure to understand farmers’ perception of the need to conservation and hence
lack of participation of the local communities in the planning, decision making and
implementation processes of conservation activities (Kumelachew, 2001; Yonas, 2001).
Therefore, local communities at various levels should be involved in decision making and
formulation of policies for the use and management of coffee genetic resources., failure to
recognize this dimension may result in developing superficial policy measures and designing
and implementing less effective and perhaps redundant conservation and use concepts that fail
to address the structural differences between resource users on the one hand and resource
users and policy makers on the other (Teklu and Thomas, 2004).

Institutional linkage and international partnership

A number of Ethiopian institutions are involved in the improvement, conservation and trade
of coffee. Among these Bureaus' of agriculture of the Ministry of Agriculture and Rural
Development (MoARD), Institute of Biodiversity conservation (IBC), Environmental
Protection Authority (EPA) and Research Centers play greater role in the collection,
improvement and conservation of coffee genetic resources. Nonetheless, it largely appears
that the institutional linkage is very weak and this might have contributed to the loss of
variability in the arabica coffee genepool. Therefore, it is urgently required to strengthen
institutional arrangements between various stakeholders if we are to save remnants of the
dwindling arabica coffee genepool.

Considering the risk that might occur if conservation of this most important beverage is left
only for Ethiopia, Paulos and Demil (2000), suggested a coordinated effort to help Ethiopia
conserve the coffee germplasm on behalf of the interest of all arabica coffee consumers.
Moreover, Tewoldebirhan (1990) reported that collection and preservation of this resource of
higher economic importance cannot be left only to Ethiopia because of its poor economic
strength. Nonetheless, apart from some collaborative efforts with the Food and Agriculture
Organization (FAOQ) of the United Nations (UN) and the former ORSTOM now IRD, for the
collection of Ethiopian arabica coffee germplasm in the 1960's; with the European Union
(EV) for landrace development of Ethiopian coffee and the government of Switzerland for the
Ethio-Swiss Coffee Research Project (ESCORP), the effort made so far to strengthen
international collaboration is very little. Hence, concerned institutions should focus their
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efforts in this regard if the Ethiopian Coffee industry is to undergo desired improvement from
its present condition.

The role Private public partnership

Though a number of stakeholders (private investors, NGOs, etc.) are involved in the coffee
system, the role they played so far in the improvement and conservation of coffee germplasm
has been very little and fund for research and conservation efforts is allocated only by the
central government contrary to the case in some developing African countries (eg.Kenya) and
developed nations.

CONCLUSION AND RECOMMENDATION

There has been a global effort over the past decade to collect and preserve the germplasm of
many crop species in response to the fear that much of their genetic diversity could disappear
due to pressures exerted by mankind. Despite the significant contribution of arabica coffee to
the Ethiopian economy in particular and the world at large, however, there has been little
effort by concerned institutions to conserve the vast genetic resources that the country is
endowed with. The loss of heterogeneous coffee populations, which represent the genepool
for hundreds of agronomic traits, will be catastrophic. The well known coffee of Limu,
Nekemte, Gimbi, Harer, Sidama and Yirgacheffe, which fetch high premium, will no longer
exist unless immediate ways are found to preserve it.

Apart from preliminary observations and speculations, systematic study of genetic erosion
(causes, extent and consequences) in the arabica coffee gene pool of Ethiopia is limited and
the crop seems to be threatened due to increasing dependence on modern, high yielding
varieties, changes in historic land use patterns, deforestation and forest fire, geo-political
problems and prevalence of diseases and insect pests. Therefore, studying the underlined
causes of genetic erosion, determining the extent, defining key indicators for the same and
identifying areas threatened by genetic erosion in various coffee growing regions is
indispensable for the conservation and sustainable use of coffee genetic resources and this
will ultimately provide baseline information to develop an early warning system at the
national level. Moreover, there is a need to involve local communities at various relevant
decision making levels, engage in international collaboration, and strengthen private public
partnerships to save remnants of the Ethiopian arabica coffee genepool.

In general, upgrading the awareness of the local communities and improving their
participation in the planning and implementation of conservation efforts, urging the concerned
institutions to fully address the collection, characterization and conservation of this crop of
high economic importance is an indispensable task to the state if conservation of our
renowned coffee genetic resource and the associated development of our coffee industry is to
be realized. In order to alleviate the fear of extinction of the wide coffee genetic resources that
our country possesses and maintain the genetic variability of wild and cultivated coffee
populations, conservation of the natural coffee farms around the country, especially the
natural forest ecosystems is urgently required. This will consequently assist in the
maintenance or collection of germplasm that could be used to establish living collections and
improve the quality, quantity, and resistance to pests and abiotic stresses.
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SUMMARY

Three Coffee canephora varieties (Quillou, Ex-java, and Niaoulli) in Nigeria were wet
processed by depulping, fermentation, washing and dried in the sun. Screen test was carried
out on the samples of these coffee varieties, using screen of 7.5 mm, 6.5 mm, and 5.5 mm
apertures for size classification. Chemical compositions of the coffee beans were determined.
In terms of physical characteristics, Quillou could be graded as small bean as it was retained
by 5.5 mm screen, with 2.4% (w/w) passed through and its 100 bean weight was 13.0 g. Ex-
java could be graded as medium bean, it was retained by 6.5 mm screen with 2.3% (w/w), and
its 100 bean weight was 16.0 g. Niaoulli could be graded as large bean, it was retained by
7.5 mm screen with 2% (w/w) passing through the screen, and its 100 bean weight was
17.0 g. Caffeine content of Quillou (2.2%) was found to be the highest among others, while
Ex-java has the highest ash content of 4.4% and highest protein content of 2.9%. Niaoulli has
the least Caffeine content (1.0%)

INTRODUCTION

Coffee comes from all around the world and is therefore a truly international trade. It is the
world's second largest traded commodity next to oil. Around two-thirds of it comes from the
Americas but there are many large and small producers in countries such as Arabia, India,
Africa, West Indies, Java and Sumatra. The coffee from each different area of the world has
its own unique taste (Clarke and Macrae, 1989).

Besides location, other factors affect the quality and flavour of coffee. These include the
variety of the plant, the chemistry of the soil in which it is grown, the weather, and the precise
altitude at which the coffee grows. Such variables combined with the way the cherries are
processed after being picked contributes to the distinctions between coffees from countries,
growing regions and plantations worldwide. The combination of factors is so complex, that
even from a single plantation one finds variation in quality and taste (Wrigley, 1988).

There are two main species of commercial coffee — Coffea arabica and C. canephora
(robusta). Arabica is a higher quality and higher value coffee normally grown in cooler,
elevated areas of the tropics and sub-tropics at 21000 m or more above sea level. Arabica is
used in the roast and ground coffee market and is added to blends of Robusta to improve the
quality of instant coffee.

Robusta is a lower quality coffee and is used mainly in instant coffee and for blending with
Arabicas to add body and crema. Robusta is normally grown in warmer areas at lower
elevations unsuited to Arabica. Compared with Arabica, Robusta is generally more vigorous,
more productive and less vulnerable to rust. On the west coast of Africa, the Ivory Coast is
one of the world's largest producers of robusta coffee. In the mid 1990 s it was the largest
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African coffee producer, fifth in the world overall and second for the production of Robusta
(Rene, 1992).

Coffee is a long-term crop with a lifespan of more than 10 years, and considerably longer
under good management, thus the choice of variety (cultivar) is very important. As quality of
the coffee bean is crucial for production of high-grade coffee, choose only varieties that are
recommended for your area. These will be the best yielding, best quality varieties that will
grow productively in the local soils and climate (Njoroge, 1998).

All food products possess characteristics which are related to their state, aspect or appearance
such as weight, volume, size, shape, colour, solubility, moisture content, texture, etc. Coffee
IS no exception. From the tree to the cup, the various physical characteristics of coffee in its
different forms play an important part in the way it is treated and in the design of equipment
to process it (Bucheli, 1998).

MATERIALS AND METHODS

Fresh berries of Quillou, Exjava and Nialloui varieties were harvested from CRIN
Headquarters plantation, Ibadan Nigeria.

Processing

The Coffee berries were weighed, and wet processed separately by depulping, fermentation,
washing and drying in the sun until the moisture content was about 12%. The dried parchment
coffee was then dehulled manually, and the films removed to obtain clean green beans.

Physical analysis

100 green beans of each coffee variety (Quillou, Exjava, and Nialloui) were selected and
weighed to obtain 100 green bean weights.

Screen Test

This was carried out using screen of 7.5 mm, 6.5 mm, and 5.5 mm aperture for size
classification.

Chemical analysis

The chemical compositions of the 3 coffee varieties (Quillou, Exjava and Nialloui) were
determined, using the method of Clifford and Wilson (1985).

RESULTS AND DISCUSION

Table 1. Physical and Chemical properties of Three Coffee canephora Varieties.

CHEMICAL COMPOSITIONS QUILLOU | EX-JAVA NIAQULLI
100 Green bean weight (gm) 13.0 16.0 17.0
Moisture Content (%) 12.0 114 11.8
Caffeine Content (%) 2.2 1.2 1.0

Fat Content (%) 11.0 13.8 12.3

Ash Content (%) 3.8 4.4 3.9

Protein (%) 1.5 2.9 1.8
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SCREEN TEST RESULTS

NIAQULLI: Retained by 7.5 mm screen with 2% (w/w) passing through.

EX-JAVA: Retained by 6.5 mm screen with 2.3% (w/w) passing through.
QUILLOQOU: Retained by 5.5 mm screen with 2.4% (w/w) passing through.

From the Screen test results above, Quillou was retained by 5.5 mm screen, with 2.4% (w/w)
passed through this screen and could be graded as small bean and its 100 bean weight was
13.0 g. Ex-java was retained by 6.5mm screen with 2.3% (w/w) passed through this screen
and could be graded as medium bean, and its 100 bean weight was 16.0 g. Niaoulli was
retained by 7.5 mm screen with 2% (w/w) passing through this screen, and its 100 bean
weight was 17.0 g.

According to Table 1, Caffeine content of Quillou (2.2%) was found to be higher than that of
the Ex-java, which was higher than that of Niaoulli. Also, from the same Table 1, the Ash
content which is an indication of minerals content was found to be highest in Ex-java (4.4%)
and lowest in Quillou (3.8%). Ex-java has highest protein content (2.9%), followed by
Niaoulli (1.8%) and Quillou (1.5%).
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SUMMARY

The study was conducted with the primary objective to compare the variability in seed
germination and seedling growth of wild Arabica coffee accessions under controlled optimal
nursery conditions at Jimma Agricultural Research Center, southwest Ethiopia. The
experiment was laid dawn in a randomised complete block design with six replicates.
Seedling emergence and subsequent growth stages were recorded to calculate mean days of
emergence, percentage and rate of emergence and seedling vigor indices. The analysis of
variance for percentage of emerged seedlings depicted highly significant differences among
coffee progenies between 55 and 97-days after sowing. Consequently, the overall mean
germination percents were highest and lowest for PIS3 (83.5%) and PIIIS2 (48.3%)
accessions, respectively. There were also highly significant variations in seed germination
rate with superior and lowest results obtained from Harenna and Berhane-Kontir accessions.
In addition, the accessions exhibited highly significant differences in speed of growth stages
(emergence, soldier, butterfly and first true leaf) and seedling vigor. In addition, seedlings of
wild Arabica coffee populations showed highly significant variations for all the
morphological growth characters considered. Consequently, most of the progenies from
Harenna and Yayu had maximum mean values as compared to others, particularly Berhane-
Kontir accessions. In general, the rapidity of growth responses followed the descending order:
Yayu > Harenna > Bonga > Berhane-Kontir accessions and their latter stage productivity
could also vary accordingly. The findings would, therefore, provide baseline information on
the extent of variability in early growth stages of wild coffee accessions and thus, the need to
target specific management options on the use and conservation of Arabica gene pools in the
montane rainforests of Ethiopia.

INTRODUCTION

Seed physiologist describe four germination stages: 1) hydration or imbibitions, during which
water penetrates into the embryo and hydrates proteins and other colloids, 2) the formation or
activation of enzymes, leading to increased metabolic activity, 3) elongation of radicle cells,
followed by emergence of the radicle from the seed coat (germination proper) and 4)
subsequent growth of the seedlings. The seed covering layers can interfere with the
penetration of water and oxygen or both and they can prevent emergence of he radicle by
acting as a mechanical barrier (Salisbury and Ross, 1992).

Germination process is complete when nutrition no longer depends upon reserve materials,
but is autotrophic. By this time, the root has secured a hold in the soil the cotyledons or the
primary leaves are unfolded and the seedlings attained independence growth and ensure plant
establishment. According to Larcher (2003), the duration of germination is the time elapsing
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between hydration of the seed and the appearance of the radicle and its rate is the percent
increase in germinating seeds per unit time.

Coffee seed consists mainly of endosperm, which is coved by endocarp (parchment) and
seminal tegument-silver skin. It contains starch, fat, reducing sugars, saccharides, tannins,
caffeine and water. There is an embryo a radicle and cotyledons (Coste, 1992; Wrigley,
1988). The water content of coffee seed should be gradually reduced under shade and it
should not be dropped below 18% during storage, most probably indicating an intermediary
behaviour of coffee seeds between an orthodox and recalcitrant seeds.

In Ethiopia, the natural ecology of wild Arabica coffee is disturbed largely due to the
escalating deforestation rates. There are still diverse coffee types, which have established
from the self-sown seeds in the prevailing heterogeneous forest conditions. However,
information is scanty on seed germination and early growth performances. In perennial crops
like coffee, basically the ultimate measure of early screening of coffee seedling is the growth
potential which influences the chance of survival of any seedling (Walyaro and Vander
Vossen, 1979). The work done by Yacob (1993) also showed the possibility of early
screening of Arabica coffee cultivars grown under specific management conditions. The
primary objective of this study was, therefore, to compare the variability in patterns of seed
germination and seedling growth response of wild Arabica coffee accessions under a
controlled nursery condition at Jimma Agricultural Research Center, southwest Ethiopia.

MATERIAL AND METHODS

The study was conducted in southwest Ethiopia at Jimma Agricultural Research Centre (7°46'
N and 36°0' E, 1753 m above sea level). Ripe red cherries were collected from selected mother
coffee trees at three forest fragments within four forests in southeast and southwest where
wild coffee populations grow naturally in the undergrowth of montane rainforest. These
include Harenna, Bonga, Berhane-Kontir and Yayu. Except Harenna of southeast, the others
are located in southwest where Arabica coffee has its specific origin. The accessions were
designed as I-1, 1-2, I-3, 11-1, 11-2, 11-3, 11I-1, 111-2, 111-3, IV-1, IVV-2 and IVV-3. The seeds were
harvested from the selected mother trees between October and December 2003. The seeds
were prepared and stored between 3 and 5 months in a well-ventilated conventional cold room
at Jimma Research Centre. To ensure maximum germination, two coffee seeds were sown on
March 29 and 30, 2004 in a black plastic plant pot (volume = 5.8 cm®). The pots were
properly filled with the same media type prepared from topsoil and decomposed coffee
compost at respective ratio of 3:1 (Taye et al., 2002).

A randomised complete block design with six replicates was used to arrange coffee
accessions with a plot consisted of 25 seedlings. In this case, a total of 3600 coffee seedlings
were raised. All post-sowing nursery operations (mulching, watering, shading, weeding,
disease and insect control) were uniformly and timely applied. Starting from the appearance
of the seedlings above the soil surface, the number of emerged seedlings and subsequent
growth stages (butterfly, soldier and first true leaf pairs) were counted at a week intervals
between May 24, 2004 and July 12, 2004 (55-112 days after sowing). From this, germination
percent, germination rate and mean days to each stage were calculated following the
procedures outlined by Steiner (1990). After most seedlings produced the first true leaf pairs,
thinning to one seedling per pot was accomplished on July 12, 2004. Subsequently, five
uniform seedlings were selected and arranged in the central row of each plot and
morphological growth parameters were recorded on a month basis between 10 and 13
November 2004, 224-227 days after sowing (DAS). These included seedling height, diameter
at base, number of main stem nodes, main stem internode length, leaf number, maximum leaf
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length and width. Intact leaf area was estimated using leaf dimensions (maximum length and
width) and a constant (K = 0.66) developed by Yacob et al. (1993) for Arabica coffee
seedlings. Further, seedling vigour indices (SVI) were determined for two growth stages (55
and 112-DAS) using the measurements on percent germination, girth and height of coffee
seedlings as described by Steiner (1990). Finally, analysis of variance (ANOVA) was
computed in a randomised complete and means values were compared according to Tukey’s
at 5 % probability level.

RESULTS AND DISCUSSION
Seed germination

Coffee seeds started to emerge above the potting soil after 8 weeks (55-days after sowing,
DAS), though it varied among coffee accessions. This was longer than the normal nursery
calendars, due primarily to the reduced temperatures and hard seed cover. Accordingly, the
results of analysis of variance depicted highly significant variations among wild Arabica
coffee accessions between 55 and 97-DAS. Furthermore, the growth response of coffee
seedlings on 55 and 112-DAS indicated highly significant differences in the rates of
emergence, germination, growth stages and vigour index. Although there were no significant
variations during the initial stage (55-DAS), the seedlings exhibited highly significant
differences in the rapidity of growth stages. There were remarkable differences within
accessions of each forest coffee population, particularly Bonga and Yayu (Table 1a). Coffee
seeds from Berhane-Kontir population, 11-2 and 1V-3 had significantly low percent mean
values for the early growth parameters. This is in line with early harvesting and prolonged
storage time, indicating in part the decline in seed viability with increased time of storage.
This, however, depends on the moisture content of seeds (Wondifraw, 1994) and storage
conditions (Yacob et al., 1996). In addition, the reduced germination percent for Berhane-
Kontir and Yayu accessions could be attributable to seed damage by Antestia bug
(Antestiopsis intricatata). Consequently, the over all percent emergence values ranged
between 48.3 and 83.5% for 111-2 and I-3, respectively. However, the slightly lower mean
emergence for 97 than 90-DAS shows that the seedlings attained subsequent growth stage. As
a result, except Berhane-Kontir accessions, the seedlings produced the first true leaf pair on
112-DAS (Table 1b). Above all, the significantly prolonged mean days to the germination and
subsequent early growth of Berhane-Kontir accession may demonstrate their specific
microclimatic requirements similar to the area of origin, hot humid climate.

During the initial stage, the least and highest values of emergence, germination rates, soldier
stage and seedlings vigor were obtained from 111-3 and IVV-2 accessions. The same growth
responses were observed with time and on 112-DAS Yayu accessions had significantly the
highest first true leaf stage, Harenna and Bonga populations followed this. During this time,
significantly highest germination rates (0.79) and seedling vigour (487.62) were calculated
from Harenna accessions, followed by Yayu. In contrast, most Berhane-Kontir accessions
were at a soldier stage and the appearance of true leaf was accordingly inhibited as compared
to others. As a result, the most inferior seedling vigour was determined from Berhane-Kontir
accessions (Tables 1 and 2).
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Most accessions attained peak emergence on 62-DAS and sharply declined thereafter (Figure
1) with the highest and least values obtained for coffee accession V-1 and I11-3, respectively.
Accordingly, coffee accessions from Yayu sites were fast to reach a soldier growth stage,
followed by Harenna and least being Berhane-Kontir coffees. Most seedlings attained a
butterfly growth stage on 69-DAS (Figure 1) and the results increased with increased DAS.
Thus, significantly highest mean percent butterfly was obtained for coffee types from Yayu
forest (IV-1 and 1V-2), though coffee seeds from accession 1VV-3 were significantly delayed to
reach this stage. This was also least and took long mean days for Berhane-Kontir coffee types
(Figure 2). The findings are in agreement with the characteristics of the seeds especially with
seed density of the wild coffee populations (Taye et al., 2004). This reflects the influence of
genetic and environmental factors on seed characteristics of wild coffee populations in the
montane rainforests of Ethiopia, though determination on the magnitude of the effects, singly
or in interactions, calls for further investigations.
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Figure 1. Mean percent of soldier and butterfly growth stages in seedlings of wild coffee
accessions for different days after sowing (DAS).
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Figure 2. Mean proportion of soldier, butterfly and true leaf pair in seedlings of wild
coffee accessions at the appearance of first true leaf pair (112 DAS).

Seedling growth

Seedlings of wild Arabica coffee accessions showed highly significant variations for all the
extension growth parameters considered (Table 2). Accordingly, most of the progenies
collected from Harenna and Yayu forests had maximum values as opposed to the least values
recorded from Bernahe-Kontir population. The tallest seedlings with the highest leaf
dimensions were found for 1V-2, followed by seedling from I-1 with significantly more
numbers of leaves and nodes. Moreover, significant variations in growth parameters were
noticed among seedlings raised from coffee seeds collected from the three sites within each
forest coffee unit. This is more prominent for the least seedling height and length of main
stem internode length recorded for the I-3, 111-3 and 1VV-3. Similarly, leaf number and leaf
dimensions were lowest for accessions from 11-2 and 1V-3. The last data recorded on October
20, 2004 (204 days after sowing, 6.8-months-old) also revealed that most coffee seedlings
produced 3 to 4 true leaf pairs (Figure 3), whereas accessions from Bernahe-Kontir had 2 to 3
pairs of true leaves. This is quite in agreement with the speed of seed germination of the
accessions shown above, most probably suggesting the differences in seed reserves to detect
germination and seedling growth.

In general, the present results corroborated with our findings (Taye et al., 2004) on the
morphological variability of the mother wild coffee trees in the natural forest conditions. This
shows the stability of the agronomic traits that can be used in the selection and evaluation of
coffee accessions. This supports the works done by Walyaro and Vander Vossen (1979) and
Yacob (1993) who showed the possibility to screen and predict that latter performances of
coffee cultivars using early growth responses. However, further studies are still required to
examine the consistency of the findings and identify promising coffee cultivars in an
endeavour to conserve and exploit the immense wild Arabica gene pools in the montane
rainforests of Ethiopia.
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Figure 3. Mean values of true leaf growth stages (3rd-4™) in seedlings of coffee
accessions of the four wild coffee populations (204 days after sowing).

CONCLUSIONS

The present findings showed inter- and intra-variability in seed germination and seedling
growth under controlled optimal nursery environments, largely indicating the immense
genetic diversity in seed characteristics among wild Arabica coffee populations in Ethiopia.
However, repeated investigations are required, among others, on the influence of
environmental and plant factors on the patterns of flowering, fruit phenology, seed growth
and storage conditions (pre-and post-harvesting operations) on seed viability, seed
germination and subsequent growth of coffee seedlings. This is crucial for in-situ and ex-situ
conservation and utilization of the wild Arabica coffee populations in the monatne rainforest
in the country.
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Early Bearing Stage Evaluation of Coffea arabica L.
Germplasm for Yield and Morphological Characters

E. HABTE, B. BELLACHEW AND H. SINGH

Jimma University, Ambo College, P.O box 19, Ambo, Ethiopia
Jimma Agriculture Research Center, P.O.box 192, Jimma, Ethiopia

SUMMARY

The study conducted on coffee trees of Western Ethiopia with first two productions reveals
that the morphological characters such as fruit length, canopy diameter, girth of the main
stem, average length of the primary branch and average internode length of the main stem
showed a higher estimate values of genetic component, heritability in broad sense as well as
in genetic advance as percent of the mean at early stage of production. Hence these characters
are worth to be considered as indirect selection criteria to conduct early selection, moreover,
these traits have revealed a positive and significant association with average yield of the first
two year production, which recorded lower heritability estimate in broad sense, at genotypic
and phenotypic level. The path coefficient analysis at genotypic level further revealed the
importance of main stem node and plant height for use as indirect selection for higher yield as
reflected by the highest and positive direct effect values.

INTRODUCTION

Ethiopia is the primary center of origin and center of genetic diversity of Coffea arabica L.
(Krug, 1958). Due to this, there is immense genetic variability that offers great potential for
improvement of this crop. Nevertheless, the duration of breeding program in C. arabica L. to
produce new cultivars largely depends upon the efficiency of the methods of selection for
yield. Under such circumstances, the time spent in variety development could be shortened
through early selection for production potential. This could be a fundamental improvement
strategy to satisfy the urgent needs of the growers. In this line, significant phenotypic
correlation was found between plant vigor and yield (Walyaro van der Vossen, 1979) and
early selection for yield potential was possible based on plant vigor and or 2-3 years yield
data (Van der VVossen, 1976).

Study was conducted in Jimma -Haru agricultural research Sub center in 2004 to evaluate
some Western Ethiopia coffee germplasm collections at early bearing stage, with the
objectives of investigating early performance of growth characters and for early yield
potential, for the supply the local farmers with improved local cultivars in the shortest time
possible.

MATERIAL AND METHODS

The experiment was carried out at Haru Agricultural Research Sub-Center which is located
Western part of Ethiopia. The experimental materials consisted seventy-five accessions and
six CBD resistant selections included as check. These materials were collected from different
areas of Haru area in 1999. The experiment was laid down in a 9x9 simple lattice design.
Each incomplete block consisted of nine plots with seven trees per plot. The plant-to-plant
spacing used was two meters by two meters. Immediately after field transplanting coffee
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seedlings, sesbania trees were planted as temporary shade to provide a relatively durable
shade.

The data collected were, fruit length in mm, canopy diameter in cm, girth of the main stem in
mm, average length of the primary branch and average internode length in cm of the main
stem Number of primaries Number of main stem nodes Plant height in cm. Phenotypic and
genotypic correlations among yield, yield related traits were estimated using the method
described by Miller et al. (1958).

The direct and indirect effect of yield related traits on yield per plot were worked out through
path coefficient analysis Dewey and Lu (1955).

RESULT AND DISCUSSION

Most of the accessions were superior to the check cultivars for most of the growth characters
considered, particularly for plant height average length of primaries and canopy diameter.
Therefore, improvement of coffee landraces may be possible by indirect selection for these
three characters.

Table 1. Estimates of components of variance, broad sense heritability (H?),
and expected genetic advance (GA) in coffee.

Characters | PCV | GCV Estimates of components of | H* (%) GA GA as

(%) (%) variance the % of
Vg Velr Vph the mean

ALP 9.82 |751 21.42 15.21 36.63 58.48 | 7.29 11.83

AVY 4253 | 21.36 | 33479 99269.5 | 132749 | 25.22 | 189.29 |22.1

FL 721 | 544 0.007 0.0053 |0.0123 |56.91 |0.13 8.46

H 9.90 |5.87 100.74 186.09 |286.83 |35.12 |12.25 7.16

NMN 8.48 4.36 1.55 4.32 5.87 26.41 1.32 4.61

AlLM 9.14 7.23 0.15 0.09 0.24 62.5 0.63 11.77

CANOPY | 9.17 6.51 72.71 71.33 144.04 | 50.48 12.48 9.53

G 8.35 |6.59 0.083 0.05 0.133 62.41 | 0.47 10.73

NPB 9.93 5.13 6.47 17.76 24.23 26.7 2.71 5.46

Vph,Vg and Ve/r are phenotypic, genetic and error variances of genotype means ,respectively
ALP =Average length of primary, AVY =Average fresh cherry yield, FL= Fruit length, H
=Plant height, NMN =Number of main tem node,AILM= Average main stem internode length
,CANOPY= Canopy diameter ,G= Girth ,NPB Number of primary branch.

In the present study, it has been shown that, accessions with lower mean values for average
main stem internode length had also lower mean values for plant height and canopy diameter.
As indicated by earlier investigators coffee yields per unit area can be increased considerably
by close spaced planting systems (Van der Vossen, 2001). Therefore, these accessions could
give an opportunity for high density planting and ease of harvesting.

Canopy diameter, length of primary and plant height showed a relatively intermediate to high
estimates for GCV, H and GA (as % of the mean) which indicated direct selection may be
useful to improve these characters (Table 1). Similarly, Walyaro and van der VVossen (1979)
Srinivasan (1982) and Sera (1987) reported that coffee yield showed low broad sense
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heritability. Yield in the present study exhibited higher GCV and GA estimates, but with low
broad sense heritability.

Table 2. Genotypic (upper diagonal) and Phenotypic (lower diagonal)
correlation coefficients.

H G NPB | NMN | AILM | CANOPY | ALP FL AVY

H 0.7** 1-0.03 |-0.16 |0.84** |0.77** 0.82** | 0.24* | 0.31**
G 0.57** 0.04 -0.03 | 0.54** | 0.78** 0.78** | 0.42** | 0.41**
NPB 0.55** | 0.25* 0.94* | -0.46** | -0.07 -0.31** | 0.14 0.17
NMN 0.5** 10.16 0.89** -0.6** |0.01 -0.28* 0.1 0.31**
AILM 0.69** | 0.5** | -0.07 |-0.23* 0.62** -0.73** | 0.31** | 0.13
CANOPY | 0.57** | 0.63** | 0.18 0.04 |0.6** 0.89** | 0.07 0.53**
ALP 0.6** | 0.68** | 0.06 0.01 | 0.45** | 0.78** 0.34** | 0.67**
FL 0.17 0.22 0.06 0.11 ]0.18 0.01 0.16 0.58**
AVY 0.23* ]0.33** | 0.23* |0.18 |0.12 0.39** 0.31** | 0.13

*, ** significant at p=0.05 and at p= 0.01 respectively.

Table 3. Genotypic Path coefficient analysis
H G NPB | NMN | AILM | Canopy | ALP FL GC

H 1342 10.041 0.2 |-0.651 |0.341 |-0.291 0.023 ]0.041 |0.31

G 0.610 |0.08 -0.16 |-0.122 | 0.004 |-0.041 0.041 |0.074 |0.41

NPB -0.041 | 0.003 |-3.63 |3.826 | -0.003 | 0.004 -0.016 | 0.025 |0.17

NMN -0.217 |-0.002 |-3.55 |4.071 |-0.005 |-0.001 -0.015 |0.018 | 0.31
AILM 1129 |0.043 |1.84 |-2.442 |0.008 |-0.033 -0.468 | 0.055 | 0.13

Canopy [1.044 [0.063 [0.28 |0.041 |0.005 |-0535 0.046 [0.012 | 0.53
ALP 1112 10.063 |124 |-1.14 -0.569 |-0.168 0.052 |0.06 |0.67

FL 0.325 ]0.034 |-0.56 |0.407 |0.157 |-0.004 0.018 |0.177 |0.58

R =0.21, GC Genotypic correlation coefficient average yield with the characters. The

underlined values are direct effects of the respective characters on average yield. ALP =
Average length of primary, AVY = Average yield, FL = Fruit length, H = Plant height, NMN
= Number of main tem node, AILM = Average main stem internode length, CANOPY =
Canopy diameter, G = Girth, NPB Number of primary branch.

Positive and highly significant genotypic and phenotypic correlations were observed between
the average yield and most growth characters, particularly with average length of primary,
fruit length and canopy diameter and girth (Table 2). This implies that indirect selection
through these characters may be applied for screening high yielding genotypes. Plant height
and number of main stem node had high direct effect on yield. However, the other two
characters average length of primaries and canopy diameter had lower direct effects (Table 3).
Taking in to account practical situations in coffee improvement, canopy diameter, average
length of primary, and height of the tree are worth considering as indirect criteria for selection
(Sera 2000; Srinivasan- 1982; Walyaro and Van der VVossen, 1979).

In addition (Table 3) the traits such as average length of primaries and canopy diameter
displayed intermediate to high estimates of GCV, H and GA. Nevertheless, their indirect
effects via plant height were high. Moreover, these three traits showed strong association
among each other. There fore, simultaneous improvement of these characters may be possible
by selecting only for one of these traits.
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Inheritance of Caffeine in Interspecific Hybrids
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P. MAZZAFERA? W. J. SIQUEIRA?, C. A. COLOMBO"

'IAC, Campinas, SP, Brasil
2UNICAMP, Campinas, SP, Brasil

SUMMARY

Caffeine inheritance was studied in plants derived from a cross between an artificially
doubled di-haploid C. arabica var. Bourbon Vermelho (2n = 22 = 2n = 44) and a normal
doubled Coffea canephora (2n = 22 = 4n = 44). Caffeine in seeds was determined in the
parent lines, F; and F, hybrids, as well as in backcrosses with C. arabica (BC;) during 2004
and 2005. The caffeine in seeds of the F, plants showed a normal distribution and a mean
value intermediate to those of the parents, whereas BC; plants tended to have values closer to
the C. arabica parent line. By pooling the data of two years it was estimated that a broad-
sense heritability coefficient was 67.3% and that five additive genes might be controlling the
trait in the seeds. The results confirm the existence of distinct mechanisms controlling the
caffeine content in seeds and leaves of coffee and indicate favorable conditions to breed for
caffeine content in this coffee population.

INTRODUCTION

Some studies have suggested that about 94% of the caffeine variation observed in coffee
species is genetically determined (Barre et al., 1998; Montagnon et al., 1998). Campa et al.
(2005) proposed that discontinuity of caffeine distribution in 21 species and taxa of coffee
was due to major genes and that variation within groups might be due to accumulation of
mutations with minor effects. In several interspecific coffee populations the mean caffeine
content is usually an intermediate value to that of the parents (Charrier and Berthaud, 1975;
Le Pierres, 1987). Moreover, intra- and inter-specific hybrids have indicated that the
variability in the progeny depends on the heterozygosis of the parents, which is more evident
in out-breeding species. Montagnon et al. (1998) studied intraspecific hybrids of C.
canephora and observed that the narrow-sense heritability was high (0.80) for caffeine
content. From studies with diploid hybrids of C. liberica and C. pseudozanguebariae Barre et
al. (1998) concluded that the great variation observed was under polygenic control and that
the absence of caffeine in the latter species was due to a pair of recessive alleles.

Here we studied the genetic variability and the inheritance of the caffeine content in seeds and
leaves of interspecific hybrids of C. arabica x C. canephora 4n.

MATERIALS AND METHODS
Plant material
An original cross was carried out between C. arabica var. Bourbon Vermelho (P;) and C.

canephora var. Robusta 4n (P;) and the only tetraploid hybrid (F;) from this cross was named
H2460-10-1. The P, parent is an artificially doubled di-haploid C. arabica var. Bourbon
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Vermelho (2n = 22 = 2n = 44), whereas P, was originally diploid (2n = 2x = 22) and had the
chromosome number duplicated with colchicine (2n = 22 = 4n = 44). Due to their low
fertility, P, parent and hybrid F; were used as pollen donors in controlled crossings. F;,
individuals were obtained by selfing the hybrid F;. Back cross individuals (BC;) were
obtained from controlled crosses between P; and the hybrid F;. Altogether, 150 F, and 88 BC;
individuals were obtained and among them, 71 F, and 24 BC; plants produced seeds in 2004
and 2005. The other plants consistently did not produce seeds and they might be sterile. All
plants have been maintained in a field experiment since 1999.

Caffeine extraction

Seeds (from red cherries) were dried (70 °C), ground, extracted with 80% metOH (70 °C) and
analysed by HPLC.

Statistical analysis

Seed caffeine contents were distributed as frequency histograms for both evaluation years
with a class interval (i) according to the formula i = A/k, where A = amplitude of the variation
between the maximum and minimum value observed in the dataset and k = square root of the
number of observations per dataset. The hypothesis of the number of loci controlling caffeine
in the seeds was tested according to Wright gene estimates. The null hypothesis Hy = 0 was
tested by the chi-square test, according to a segregation model represented by the equation (a
+ b)™, where m represents the number of segregant alleles, and a and b represent non effective
and effective alleles for caffeine, respectively. The interactions between treatments and years
were evaluated by considering the generations as treatments and each year of data collection
(2004 and 2005) as an experiment in a completely randomized design. Comparisons between
means were carried out using the Tukey test at 5% of probability.

RESULTS

Caffeine in the seeds of F, and BC;: During 2004 and 2005 evaluations of the caffeine
content in the 71 F, plants ranged from 1.33% to 3.28%, with a mean content of 2.23%
(Figure 1A). The values were normally distributed, which is a characteristic of additive
inheritance, and transgressive segregation was not observed. Variation in the caffeine content
was also observed for the 24 individuals of the BC; population (Figure 1B).

However, the mean value (2.05%) was lower and the amplitude of variation (ranging from
1.57% to 2.55%) was narrower than the values observed for the F, population, tending
towards the C. arabica parent (P1) with lower caffeine content, as would be expected
considering the backcross to this species as the recurrent parent. Analysis of variance of the
caffeine content in the seeds showed that data from two years evaluation were not
significantly different. On the other hand, significant difference was observed between
generations (Table 1). Tukey test (5%) comparisons showed phenotypic divergence between
the parents, and segregating generations as intermediaries.

Since experiments (years) were not statistically different, the pooled data from 2004 and 2005
were used to calculate means and variances. The estimate of the broad-sense heritability
coefficient was 67.28%. Additionally, the number of loci estimated to control the trait in seeds
was five, according to the additive segregation tested for F, generation (Table 2). The (a + b)°
distribution in F, (observed frequency) did not differ significantly (x* = 16.336, P < 0.05)
from the expected frequency of five genes controlling the trait.
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Figure 1. Distribution of the caffeine content (% dry mass) in the seeds of the F, (71
plants) and BC; (24 plants) hybrids in the years 2004 and 2005. Arrows and values in
parenthesis indicate the caffeine content of the parents P; (C. arabica var. Bourbon
Vermelho) and P, (C. canephora 4n), and of the F;, F; and BC; generations.

Table 1. Comparison of the caffeine content in seeds of Coffea plants two parent lines
(P1 = C. arabica var. Bourbon Vermelho, and P, = C. canephora 4n) and their respective
hybrids F1, F; and RC; during the years of 2004 and 2005. ANOVA results for the effect

of years and generations: F and probability (P) test.

Year 204° Year 2005
n Caffeine (%0) n Caffeine (%0)

P, 1 3.20a 1 3.80a

F1 3 2.70 a 3 2.40 ab

F, 71 2.13 ab 71 2.31ab

BC; 24 2.11 ab 24 1.98b

Py 3 1.10b 3 1.30b
F test (years) 0.4718
P 0.5332
F test (generations) 0.0070*
P 23.365

CV% 10.6

% = Means followed by different letters are statistically different at 5% probability by the
Turkey test; * indicates significance at 5% probability; n = nimber of plants studied in each
generation; CV% = experimental 1 coefficient of variation.
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Table 2. Hypothesis test for the segregation of five genes controlling trait caffeine
content in seeds of the F, population. ™ = not statistically significant at 5% probability.

Phenotype Caffeine alleles Phenotype Observed Expected | (OF-EF)?
frequency Non Effective | (% caffeine) | frequency frequency EF
effective
1/1024 0 10 1,10 0 0,0693 0,0693
10/1024 1 9 1,34 1 0,6934 0,1356
45/1024 2 8 1,59 3 3,1201 0,0046
120/1024 3 7 1,83 11 8,3203 0,8630
210/1024 4 6 2,07 13 14,5605 0,1673
252/1024 5 5 2,31 15 17,4727 0,3499
210/1024 6 4 2,56 9 14,5605 2,1235
120/1024 7 3 2,80 9 8,3203 0,0555
45/1024 8 2 3,04 7 3,1201 4,8247
10/1024 9 1 3,28 3 0,6934 7,6736
1/1024 10 0 3,53 0 0,0693 0,0693
N=71 N=71 7=
16,336™
DISCUSSION

Distribution of caffeine content

The histograms of the distribution of the caffeine in seeds of the segregating populations
showed that the P; and P, parent lines used to obtain the F, and BC; populations presented
contrasting values for caffeine, thus generating phenotypic variation what is adequate to study
the genetic control.

The extensive variation observed in seeds of the F,and BC; populations reflects mainly the
diversity from the C. canephora parent, since this species out-breeds and is heterozygous. On
the other hand, C. arabica is autogamous and it has allotetraploid origin (Lashermes et al.,
1999). In spite of the large variation in the distribution of the frequencies in the F, generation,
the mean caffeine content was intermediate to the parental content, and statistically not
different from the mean content of BC;. The same has been observed in previous studies
(Charrier and Berthaud, 1975; Le Pierres, 1987; Mazzafera and Carvalho, 1992), although for
hybrids from C. liberica x C. pseudozanguebariae it has been suggested that the absence of
caffeine was a recessive trait, controlled by one major gene (Barre et al., 1998).

In the present study the means and the caffeine content distribution in seeds of the F, and BC;
populations led us to propose that genetic determinism of caffeine fits a oligogenic (with a
continuous distribution) and additive model. Barre et al. (1998) initially rejected the
hypothesis of an additive model for caffeine inheritance due to the fact that all inter-specific
hybrids between species with or without caffeine had the compound. However, the square
root of the alkaloid content in the hybrids studied by these authors was additive, allowing
them to propose that caffeine content might depend linearly on either squared variables XY, X
and Y being additive.

Caffeine content analysis of variance

The experimental coefficient of variation for caffeine in seeds was approximately 10% (table
1), indicating high experimental precision. Moreover, the absence of a significant source of
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variation for years allowed us to group these data in order to obtain the variances necessary to
determine the number of genes or loci controlling the trait “caffeine content” in seeds. The
elevated values of the broad sense heritability coefficient in seeds indicate favorable
conditions for the selection of plants with both high and low caffeine contents in the studied
coffee material. Using Wright’s model we estimated the presence of five additive genes
controlling the caffeine content in seeds of a coffee population originated from C. arabica x
C. canephora 4n. This model was the most adequate for such estimation, since the parents
were contrasting for the trait, and the loci seemed to segregate independently and additively.
It is noteworthy that gene number estimation based on Wright’s model is conservative,
expressing the minimum number of genes controlling a character. This might be valuable for
a breeding program. For instance, considering the F, hybrids, it would be necessary to have at
least 1,042 individuals in order to find at least one genotype identical to the parents. The
comparative study of the expected and observed frequencies for the segregation of five genes
using a chi-square test was not significant. However, due to the complexity of caffeine
metabolic pathway we can not rule out that the number of genes estimated in this study may
be under- or over-estimated. Campa et al. (2005) suggested that major genes control large
variations of caffeine in coffee seeds while small variations would be due to several
mutational events with minor effects.

In the genetic breeding context of the species studied here (C. arabica and C. canephora 4n),
our results could provide new insights for further studies aiming to alter caffeine content.
These are important findings considering the fact that the commercial variety Icatu, originated
from a hybrid between the C. arabica and C. canephora and with several backcrosses to the
former species, has high yield and is resistant to the fungus causing orange leaf rust, but its
caffeine content is approximately 1.2%, similar to commercial varieties of C. arabica.
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SUMMARY

The objective of this work was to develop a coffee cultivar resistant to rust (Hemileia
vastatrix) and to the Meloidogyne exigua nematode. A Fs coffee progeny from the hybrid
CIFC H361/4 (Villa Sarchi x Timor Hybrid 832/2) was characterized. Evaluation of rust
resistance was performed regarding to the prevalent races in experimental fields. Tests for
resistance to M. exigua were accomplished under greenhouse conditions, using the cv. Catuai
Vermelho 1AC144 as control. Twenty young plants were inoculated with 4000 nematode
eggs/plant, and 150 days after the inoculation the following parameters were determined: galls
index (GI), number of eggs in the radicular system (NE), reproduction factor (RF) and
reduction of the reproduction factor (RRF), in percent numbers. Evaluated progenie exhibited
a gall index of 0.5 but without typical galls, reproduction factor of 0.025, reduction of this
factor of 98.2% and number of eggs per radicular system of 100. In control plants GI was of
4.5 and NE was 5550. The new cultivar called TUPI RN IAC 1669-13 when cultivated under
irrigation produced 91, 50 and 89 saks (60 kg bags) of green coffee per hectare in the first
three years, respectively. It presents large beans with average screen size of 18.4 and 90.2%,
8.0% and 1.8% of flat (normal beans), peaberry and elephant beans, respectively. The cultivar
has low height, exhibiting green young leaves and large red fruits with medium maturation.
Due to the multiple resistance to rust and nematode M. exigua (MeMe) the cultivar TUPI RN
IAC 1669-13 can be planted through seeds providing a new option for the coffee growers.

RESUMO

O objetivo deste trabalho foi desenvolver uma cultivar de café com resisténcia a ferrugem e
ao nemat6ide Meloidogyne exigua. Utilizaram-se progénies de cafeeiros do hibrido CIFC
H361/4 (Villa Sarchi X Hibrido de Timor 832/2). Os testes para ferrugem foram feitos em
relacdo as racas prevalecentes nos locais dos experimentos e 0s de resisténcia a M. exigua
foram realizados em casa de vegetacdo, usando-se como testemunha a cv. Catuai Vermelho
IAC144. Inocularam-se 20 plantas jovens com 4000 ovos do nematdide/planta, determinando-
se aos 150 dias apds a inoculacdo, o indice de galhas, o nimero de ovos por sistema radicular,
o fator de reproducdo e a redugdo do fator de reproducdo, em nimeros percentuais. O indice
de galhas foi 0,5, sem galhas tipicas sendo que, na testemunha foi 4,5. O fator de reproducéo
foi 0,025 e a reducdo deste fator foi 98,2%. O nimero de ovos por sistema radicular foi 100 e
na testemunha 5550. A cultivar TUPI RN IAC 1669-13 em plantios irrigados, produziu 91, 50
e 89 sacas de café beneficiado/ha nos trés primeiros anos. Apresenta grdos grandes com
peneira média 18,4 e 90,2%, 8,0% e 1,8% de grdos tipos chato, moca e concha,
respectivamente. O seu porte é baixo, as folhas novas sdo de coloracdo verde e os frutos
grandes e vermelhos, com maturagdo média. Devido a sua resisténcia maltipla a ferrugem e
ao nematdide M. exigua (MeMe) a cultivar TUPI RN IAC 1669-13 podera ser plantada via
sementes constituindo-se em mais uma opgao para os cafeicultores.
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INTRODUCTION

The use of coffee varieties or cultivars with multiple resistance to phytopathogenic agents is
an ever-increasing need in modern coffee culture. The favorable effects of this technology on
coffee culture are directly related to reducing production costs and, above all, environmental
contamination caused by chemical compounds that may be hazardous to human health.

Among the diseases affecting the coffee plant, coffee leaf rust (caused by the fungus Hemileia
vastatrix) e nematode damage (caused by Meloidogyne exigua) are biotic fatores responsible
for significant yield losses.

The objective of this research study was to develop a coffee variety with multiple resistance to
both coffee rust and the nematode M. exigua.

MATERIAL AND METHODS

In 1971, the Institute of Agronomy of Campinas (Instituto Agrondmico de Campinas — IAC)
received seeds of the hybrid CIFC H361/4 (Villa Sarchi X Timor Hybrid) of the F;
generation, which constituted the basis and point of departure for the development of cultivar
TUPI RN IAC1669-13 described in this paper. The materials used for the initial cross-
breeding process of hybrid H361/4 - performed in 1968 at the Coffee Rust Research Center
(Centro de Investigacdo das Ferrugens do Cafeeiro — CIFC) in Portugal-were Timor Hybrid
832/2 and Villa Sarchi. Timor Hybrid CIFC 832/2 has high resistance to rust since it carries
the genes SHg, SH7, SHg and SHo, in addition to carrying the dominant gene Me that confers
resistance to the nematode M. exigua, identified for the first time by Fazuoli et al. (1974), and
later confirmed by Fazuoli (1981) and in 2003 Noir et al. (2003), using data collected on
progeny T 5296, derived from Timor Hybrid CIFC 832/2. The same authors also identified
molecular markers linked to the dominant gene Mex-1 that confers this resistance. The Villa
Sarchi cultivar is native to Costa Rica and is thought to have been found in Typica, Bourbon
and other varieties of C. arabica plantations. Experiments conducted at IAC showed that the
Villa Sarchi cultivar carries the same Ct allele, which confers low height to plants of the
"Caturra Vermelho" variety. (Carvalho et al., 1984; 1991).

The tests to evaluate rust resistance against prevailing races in the experimental plots and
selection fields were conducted over a several-year-long period of time and usinga 1to 5
scale. The tests to assess resistance to M. exigua were conducted under greenhouse
conditions, in the period from March 16th to August 16th 2005, and employed the Catuai
Vermelho IAC 144 variety as check cultivar for comparison and evaluation (“control™). The
gall index, number of eggs per root system and per gram root, the reproduction factor and
reduction in the reproduction factor were determined on coffee plants 150 days after
inoculation of 20 young plants with 4000 nematode eggs/plant. The agronomic evaluations
were conducted under field conditions, whereas the seeds were evaluated in the laboratory.

RESULTS

Second generation (F,) H361/4 coffee plants received at the Institute of Agronomy the
designation IAC 1669. The results of an evaluation experiment conducted in Campinas
showed that plant IAC 1669-13 exhibited outstanding features in terms of production yield,
seed size and rust resistance as compared to the other specimens investigated. For that reason,
seeds from this progeny were sent to Eng.° Agro. Saulo Roque de Almeida, Varginha/MG
and, at a later stage, to Eng.° Agro. José Carlos Grossi, in Patrocinio/MG, who enlarged the
total area planted with this specimen. A series of new selections was made, one of which
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resulted in the Tupi RN IAC 1669-13 cultivar. Irrigated areas planted with this cultivar
yielded 91, 50 and 89 saks (60kg bags) of green coffee per hectare in the first three years,
planted at a spacing of 3.68 x 0.5 m, thereby confirming its agronomic value. Analysis of the
seeds collected in 2004 showed that cultivar TUPI RN IAC 1669-13 produces large beans
with average screen size 18.4 and 90.2% flat beans, 8.0% peaberry and 1.8% elephant beans.

New leaves of TUPI RN IAC 1669-13 are green, different from cultivar Tupi IAC1669-33,
which has bronze-colored shoots. It is a low growing plant that bears large, red fruits of
medium maturation (more precocious than Catuai). Total height and crown diameter
dimensions are similar to those of cv. Tupi IAC1669-33 and a little smaller than those cv.
Catuai Vermelho IAC 144. Cultivar Tupi RN IAC 1669-13 has high nutritional demands and
requires special care. Bourbon constitutes 50% of its genetic makeup, since the Villa Sarchi
variety is a Bourbon mutant. As for organoleptic or sensory properties, cultivar Tupi RN
1669-13 has good drinking quality, a fact later confirmed by Eng.° Agro. José Carlos Grossi,
who found that its beans have good market acceptance.

Coffee plants of the Tupi RN IAC 1669-13 cultivar tested for resistance to M. exigua had a
gall index of 0.5 with small enlargements, however, without typical galls, whereas cv. Catuai
Vermelho IAC 144, used as “control” or check cultivar, exhibited a gall index of 4.5, with the
presence of typical galls. The reproduction factor was 0.025 and the reduction in this factor
was 98.2%. The number of eggs per root system of progeny IAC 1669-13 RN was 100 versus
5550 on the nematode susceptible check cultivar. These data indicate that cv. Tupi RN I1AC
1669-13 is highly resistant to the nematode M. exigua and homozygous for the Me gene. As
for reaction to rust, it was found that, under field conditions, up to the present time the
material remains resistant to the prevailing races on both the test sites and seed production
fields.

Resistant Susceptible
(without galls) (with typical galls)

Figure 1.
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Figure 2.

Coffee fruits
cv. Tupi RN IAC 1669-13

Figure 3.
CONCLUSION

Due to its multiple resistance to both rust and the nematode M. exigua with homozygosis for
the resistance gene (MeMe), cultivar TUPI RN IAC 1669-13 may be seed-planted and
constitutes an excellent alternative and option for coffee growers
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SUMMARY

The phenotypic and genetic differentiation between the two related Coffea species (C. liberica
Hiern and C. canephora Pierre) was examined. These species differed markedly in terms of
leaf, inflorescence, fruit and seed characters. A genetic map of the interspecific cross Coffea
liberica x C. canephora was constructed on the basis of 72 BC1 hybrids. Eighty-three AFLP
markers, four inter simple sequence repeats (ISSR) and five microsatellites corresponding to
Coffea liberica species-specific markers were mapped into 16 linkage groups. The total length
of the map was 1502.5 cM, with an average of 16.3 cM between markers and an estimated
genome coverage of 81%. The two species were evaluated relative to 19 quantitative traits and
found to be significantly different for 15 of them. Eight QTLs were detected, associated with
variations in petiole length, leaf area, number of flowers per inflorescence, fruit shape, fruit
disc diameter, seed shape and seed length. Results on segregation distortion and the under-
representation of particular markers were interpreted in terms of genome differentiation. The
implications for the introgression of QTLs involved in advantageous morphological traits
(number of flowers per inflorescence, fruit and seed shape) are discussed.

Keywords: Coffea liberica, Coffea. canephora, Species differentiation, Genetic map, QTL

REsumE

La différenciation phenotypique et génétique entre C. liberica Hiern and C. canephora Pierre a
été étudiée. Ces deux especes ont montré de grandes différences au niveau des caractéres
foliaires, des inflorescences, des fruits et des graines. Une carte génétique du croisement
interspécifique Coffea liberica x C. canephora a été construite a partir de 72 hybrides BC1. 83
marqueurs AFLP, 4 ISSR et 5 microsatellites correspondant a des marqueurs especes
spécifiques de Coffea liberica ont été cartographiés sur 16 groupes de liaison. La carte a une
longueur totale de 1502,5 cM avec un espacement moyen entre marqueurs de 16,3 cM et
couvrant 81% du génome. Les deux especes évaluées sur la base de 19 caractéres
morphologiques ont montré des différences significatives pour 15 caractéeres. Huit QTL,
impliqueés dans la variation de la longueur du pétiole, la surface foliaire, le nombre de fleurs par
inflorescence, la forme et le diametre du disque du fruit, la forme et la longueur de la graine, ont
été détectés. Les distorsions de ségrégation et la sous-représentation de certains marqueurs ont
été interprétées en termes de différenciation du génome. L’introgression de QTL associés a des
caracteres morphologiques avantageux (nombre de fleurs par inflorescence, forme du fruit et de
la graine) a été discutée.
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INTRODUCTION

Two main coffee species, Coffea Arabica and C. canephora (Robusta) provide most of the
world coffee production. Only C. liberica Hiern of the Pachycoffea subsection is still
cultivated to a minor extent. Currently, C. liberica is of interest for C. canephora breeding
programs for its clustered fruit maturation, high seed weight and low caffeine content. Despite
the close phylogenetic relationship between C. liberica and C. canephora, these species differ
substantially according to their morphological characters (N’Diaye et al., 2005). C. liberica
could thus be of interest for interspecific breeding programs. Moreover, C. liberica and
C. canephora have an overlapping geographical distribution and studying their divergences
also provides an opportunity to investigate the genetic basis of species differentiation in the
same environmental context.

Here we present the analysis of the phenotypic and genetic differentiation (some likely
adaptive) between C. liberica and C. canephora. The features of an interspecific map based on
C. liberica-specific markers were analysed.

MATERIALS AND METHODS

The plant material consisted of 26 C. liberica (LIB) and 26 C. canephora (CAN) samples
representative of the variability within both species and the BC; mapping progeny. The BC,
population derived from hand-pollination of C. liberica x C. canephora F; hybrids with bulk
pollen from C. canephora. A total of 72 BC,; progeny were evaluated. A total of 19
morphological characters, involving leaves, flowers, fruits and seeds, were analysed. Total
genomic DNA from adult leaves was extracted according to Ky et al. (2000b). Genotyping
was performed using AFLP, microsatellite (SSR) and Inter simple sequence repeat (ISSR)
markers. PCR amplifications and analyses on an IR? Automated Sequencer (LI-COR, Lincoln,
Neb, USA) were carried out according to Poncet et al. (2004). Before analyzing the segregating
population, 15 LIB and 15 CAN genotypes were screened to identify LIB-specific bands.
Since the BC; progeny involved different C. liberica and C. canephora parents, only LIB-
specific AFLP or ISSR bands present in all LIB (representative of the species) and absent in
all CAN genotypes were scored. Since microsatellite markers are co-dominant, we selected
diagnostic markers with no shared alleles between the two parental species. Linkage analyses
were performed using MAPMAKER/EXP 3.0b (Lincoln and Lander, 1992) and Mapdisto
(version 1.37, available via http://www.mpl.ird.fr/mapdisto) software packages. The genome
coverage was estimated assuming a random marker distribution (Lange and Boehnke, 1982):
c=1-e2¥6 where c is the percentage of the genome within d cM of a marker, Ge is the
estimated genome length and n is the number of markers. QTL analysis was performed on 48
BC, hybrids having both quantitative trait notations and molecular marker data, by the
composite interval mapping (CIM) procedure (Zeng, 1994).

RESULTS

C. liberica and C. canephora differed dramatically for all the phenotypic traits assayed, except
for leaf shape index. In particular, LIB had larger leaves (leaf area index: 109.6 vs. 84.0 cm?)
and bigger fruits (fruit length: 17.5 vs. 12.0 mm) than CAN. Conversely, CAN had more
flowers per inflorescence (NFI: 3.9 vs. 2.8) and more inflorescences per node (NIN: 7.5 vs.
5.3) than LIB. None of the evaluated traits exceeded the parental mean values.
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A total of 138 LIB-specific polymorphic markers (121 AFLP, 9 ISSR and 8 microsatellites)
were mapped into 16 linkage groups. The estimated map length (Ge) was 1795.6 cM, with a
genome coverage (c) of 81%. Among all of the segregating markers, 42 (30%) deviated
significantly (! = 5%) from the 1:1 Mendelian segregation expected in the BC, progeny.

A total of eight QTLs were detected, associated to variations in petiole length, leaf area,
number of flowers per inflorescence, fruit shape, fruit disc diameter, seed shape and seed
length.

DISCUSSION

A total of 121 LIB-specific AFLP markers (present in all LIB genotypes and missing in all
CAN genotypes) were generated by 100 tested AFLP primer combinations. This
polymorphism was lower than that of [C.pseudozanguebariae (PSE) x C. liberica var.
dewevrei (DEW)] (Ky et al., 2000b) and [C. canephora (CAN) x C. heterocalyx (HET)]
(Coulibaly et al. 2003b) interspecific crosses with 192 PSE- and 207 HET-specific. The
transferability of SSR or EST-SSR markers across different Coffea species, even genetically
distant, has been shown (Poncet et al. 2004). Only diagnostic loci — no shared alleles between
the parental species — were informative for the mapping. Interestingly, EST-SSR primers, with
allele sizes that differ more between species, were shown to reveal more diagnostic markers
than SSR primers (Poncet et al. unpublished data). Because of the limited number of mapped
markers, the 81% genome coverage should be taken cautiously. For instance, in Pinus
sylvestris, a similar coverage rate was observed with more markers (188) but a lower average
distance (8.9 cM) (Yin et al., 2003). In the LIB x CAN linkage map, despite good genome
coverage, markers should be added to improve the marker density. Interestingly, among the
microsatellite markers we analysed, the EST-SSRs tended to be more informative in revealing
differences between species. This highlights the necessity of further development and analysis
of this type of marker. Distorted segregation was noted in one third (36%) of the studied loci
in the C. liberica x C. canephora cross. In the Coffea genus, the frequency of skewed loci did
not seem to be associated with the parental phylogenetic relationship. Indeed, C. liberica and
C. canephora are more closely related than C. pseudozanguebariae and C. liberica var.
dewevrei but showed similar levels of distorted loci in their progeny. Besides commonly
described distorting factors (see, for example, Fishman et al. 2001), the heterogeneity of our
progeny might also have been partially responsible for the segregation distortions. The role of
genome size differences was not relevant in LIB x CAN which have a similar sized genome (2C
= 1.4 pg, Noirot et al. 2003). Based on the strategy used for BC; progeny generation, this
interspecific map allowed us to identify QTLs involved in species differentiation and could
provide insight into phenotypic divergence patterns. Eight QTLs associated with leaf, fruit
and seed characters were detected. Three of them, i.e. FSZ, SL and SS, associated with fruit
shape, seed length and seed shape variation, respectively, were tightly linked, and the strong
correlations suggest the presence of a major QTL with a pleiotropic effect. No QTL was
detected for nine (56%) of the evaluated. However, the QTL number and effects (magnitude)
should be interpreted cautiously given the reduced number of plants that were assessed. QTLS
for fruit and grain features, in particular seed length (SL) could potentially be interesting for
C. canephora breeding). In this study, only one QTL, i.e. NFI, involved in the expression of
the number of flowers per inflorescence, was located within one of these negatively selected
blocks. This suggests that the genomes of both species might be relatively permeable to
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introgression for the other QTLs. Since these QTLs are related to species differentiation, they
might also represent advantageous traits related to adaptive features.

CONCLUSION

This linkage map, the first obtained from the interspecific cross (C. liberica x C. canephora) x
C. canephora, clearly showed that generating species-specific markers from an interspecific
cross may be difficult when species are closely related. However, the map obtained could
provide a reference for any potential crosses involving the parents of the two species
considered. EST-SSR markers, which were informative for the LIB x CAN linkage map, are
also potentially useful for any study based on diagnostic markers distinguishing C. liberica
and C. canephora species. However, for population studies, it would be recommended to first
check, with a larger sample, whether these diagnostic alleles are frequency dependent.
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SUMMARY

A crossing programme to develop compact-dwarf varieties was initiated in 2003/04 whereby
32 Colombian (dwarf) and 61 tall hybrid lines were involved. Lines involved in the crossing
programme are good sources of coffee berry disease (CBD) and coffee leaf rust (CLR)
resistance. A total of 67 compact hybrid lines were developed. Out of 67, 15 lines considered
as the best crosses were subjected to CBD Pre-selection test at hypocotyls stage to study
inheritance of resistance. VC 298, VC 506 and HAT 1593 (CBD resistant candidate), and N
39 and KP 423 (CBD susceptible varieties) were included as check varieties. Results show
that Disease Intensity Reaction (DIR) of hybrid compact lines ranged from 0.0 to 3.5. Line
with DIR < 25 is considered to be CBD resistant candidate. Resistance inherited appears to be
controlled by VC 298, VC 506, HAT 1593 from tall hybrid lines, and Colombian 086, 088,
089 and 090 lines used as female parents. The resistance of these compact lines will be
qualified with CBD attached berry test at fruit bearing stage.

INTRODUCTION

Since 1880s tall coffee varieties have been the most popular planted by growers in Tanzania
(Robinson, 1964). The varieties; N 39, KP 423 and H 66 produce fine coffees and are
preferred by buyers and roasters, but are highly susceptible to anthracnose of green berries
(CBD) caused by Colletotrichum kahawae Waller & Bridge and CLR incited by Hemileia
vastatrix Berk et Br. In addition, for easy management tall varieties are trained as single or
double stem capped. But the system results in excessive production of shoots, increasing turns
of handling and pruning and therefore labour costs. Experience from other countries shows
that compact varieties assist in easy management, and can accommodate 2.5 more plants per
unit area than tall varieties (Njoroge, 1991; van der Vossen and Walyaro, 1981). Njoroge
(1991) also revealed that compact-dwarf varieties have 3 times economic benefits compared
to conventional varieties.

Accordingly, TaCRI initiated hybridization programme to breed new varieties of Arabica
coffee that combined resistance to CBD and CLR with improved yield and quality, and more
compact to suit close-spaced plantings. This report covers the progress made so far in getting
compact varieties for the benefits of farmers in Tanzania.

MATERIALS AND METHODS
Parentage

Parents involved as tall varieties in the crossing programme represents a composite of hybrids
already indicated resistance to CBD and CLR (Kilambo and Swai, 1998; 1999). The hybrids
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involves combinations of N 39, KP 423, SL 28 and SL 34 to impart attributes of flavour and
yield (Millot, 1969); and VC 298, VC 506 and HAT 1593 to impart genes for CBD resistance
(van der Vossen and Walyaro, 1980). These were used as male parents. Summary of
characteristics of Colombian lines accumulated from 2001 to 2003 before initiation of the
crossing programme in 2004 are presented in Table 1. They were used as female parents to
impart compactness; thick and strong laterals, internodes on both main stem and laterals very
short.

Table 1. Summary of characteristics of Colombian lines; CBD and CLR,
and liquor scores 2001-2003.

S/no | Line Details of the line Mean % Mean % Mean
CBD CLR cupping
incidence incidence taste
(Semi (Field results
Detached assessment)
Berry)
1 PNI 086 10/5 Cattura x HAT 1343/219 Fs. 0.0 0.0 6
6
2 PNI 088 10/2 Cattura x HAT 1343/219 Fs. 0.0 0.0 6
6
3 PNI 089 | Cattura x HAT 1343/219 Fs. 2.3 0.0 5
208/16 6
4 PNI 090 2/10 Cattura x HAT 1343/219 Fs. 0.0 0.0 5
6
5 HdT 1593 0.8 0.0 NA
6 VC 298 0.0 0.0 NA
7 VC 506 0.0 0.0 NA
8 KP 423 87.3 85.0 5
9 N 39 90.4 97.2 4
Mean 20.0 20.24 5
SE + 12.99 13.42 0.30

Key: Beverage quality: 2 = Good; 3 = Fair to Good; 4 = Fully Fair; 5 = Fair Average
Quality (FAQ); 6 = About Fair; 7 = Poor to Fair; 8 = Poor.CBD incidence: < 5 %
Resistance; > 75 % Susceptible. CLR incidence: <5 % Resistance; > 75 % Susceptible.

Crossing

Technique used for emasculation was that developed by Krug (1935) of removing the petals.
Branches of emasculated flowers (in this case Colombian lines) were pollinated by tall hybrid
lines then enclosed in muslin sleeves supported on a frame of wire. Fruits were then
harvested, seeds processed eventually sown.

CBD test

Hypocotyls (5-6 weeks) were sprayed inoculated twice at 48 hrs intervals with suspension of
C. kahawae at 2.0 x 10° spores/ml using the method by van der VVossen et al. 1976. To allow
infection a temperature of about 22-24 °C was required during the first four days, and R.H in
the boxes maintained at 100 %, followed by an incubation period of three weeks at 19-20 °C.
Coffee seedlings were individually scored for CBD symptoms developed on the hypocotyls
stem using a scale with a range of 0-4 developed by van der Graff (1981).
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Data analysis

For each genotype DIR was determined by counting number of hypocotyls in disease
description multiplied by numerical value of disease description divide by number of
hypocotyls in all descriptions multiplied by 4. Four is a factor of categories: Resistance (DIR
0-25), Moderately Resistance (DIR 26-50), Moderately Susceptible (DIR 51-75) and
Susceptible (DIR 76-100).

Table 2. Disease Intensity Reaction (DIR) of the best compact lines.

S/ | Line DIR
No.

1 (HdT 1593 x N 39) x SL 28 x (N 39 x VC 298) x PNI 108/10 3.0
2 PNI 090 2/19 x (N 39 x HAT 1593) x (HdT 1593 x N 39) x VC 298 0.7
3 PNI 090 2/10 x (N 39 x HAT 1593) x (HdT 1593 x N 39) x VC 298 2.5
4 PNI 086 x (N 39 x VC 298) 3.5
5 PNI 089 101/13 x SL 34 x (HdT 1593 x N 39) x VC 506 3.5
6 PNI 089 101/13 x KP 423 x (HAT 1593 x N 39) x VC 298 0.0
7 (N 39 x HAT 1593) x (HAT 1593 x N 39) x VC 298 x PNI 089 0.0
8 PNI 087 15/11 x (SL 34 x (HdT 1593 x N 39) x VC 506 0.0
9 (N 39 x HAT 1593) x (HdT 1593 x N 39) x VC 298 x 089 203/3 0.0
10 | (HdT 1593 x N 39) x SL 28 x VC 506 x PNI 089 107/13 0.0
11 | (HdT 1593 x N 39) x SL 28 x VC 506 x PNI 089 10/5 0.0
12 | (N 39 x HAT 1593) x (HdT 1593 x N 39) x VC 298 x PNI 089 108/10 1.0
13 | Padang x (KP 423 x HdT 1593) x PNI 089 10/5 1.0
14 | PNI 089 208/15 x Padang x (HdT 1593 x N 39) x VC 506 0.0
15 | PNI 089 101/13 x KP 423 x (KP 423 x HAT 1593) x N 39 x VC 298 0.0
16 | HAT 1593 2.6
17 | VvC 298 2.3
18 | KP 423 72.4
19 | N 39 75.6
Mean 8.8
SE + 5.3

Key DIR: Resistance (DIR 0 — 25), Moderately Resistance (DIR 26 — 50), Moderately
Susceptible (DIR 51 — 75) and Susceptible (DIR 76 — 100).

RESULTS AND DISCUSSION

Although the hybrids are still at seedling stage, leaves shows typical characteristics of
compact type of varieties. They are broad and fairly large and darkish green, thick and
leathery when mature; a typical characteristic for leaves of compact varieties (Njoroge, 1991).
Their genetic heterogeneity is of considerable advantage as it is expected to confer stability of
resistance with regard to protection against diseases but also imparts hybrid vigour and
improves on the liquor quality. This is possible because tall lines selections involving
multiple crosses of VC 298 and or VC 506 and or HAT 1593 were back-crossed to N 39 and
or KP 423 and or SL 28 and or SL 34 (Ndondi and Nyange, 1990). The lines are expected to
be highly resistant to CBD because the population contains genotypes carrying different
combinations of disease resistance genes from VC 298, VC 506, HdT 1593 (Millot, 1969) and
Colombian varieties (containing HdT 1343) (van der Vossen, 2005). A high level of rust
resistance is derived from HdTs and Colombian varieties. CBD hypocotyls test revealed DIR
scores between 0.0 and 3.5, indicating high level of resistance (Table, 2). These seedlings will
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be established in clonal mother garden to produce true to type seedlings for on-station, multi-
locational and on-farm trials establishment to confirm their resistance to CBD and CLR,
compact characteristics, yield potential and liquor quality attributes.
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carbohydrates produced via photosynthesis into fruit production. Fruit competition for
carbohydrates can subsequently lead to a reduced vegetative growth of shoots and roots. This
is typically the case of coffee where branch development is strongly reduced on heavy fruit-
bearing trees often leading to branch dieback and resulting in a strong alternate production
pattern (Cannell, 1971; Vaast et al., 2005 ). Therefore, agronomic practices seek to balance
fruit and vegetative growth, either by manual or chemical fruit thinning or by increasing the
vegetative growth through nitrogen supply or pruning. Additionally, irrigation and
fertilization may counterbalance the reduced growth of the root system. The plant architecture
is also an important feature for management because it influences the heterogeneity of fruit
size within the plant. Indeed, the architecture is a network which connects the organs to each
others and provides the support for carbon transfers within the plant. Architecture determines
the spatial position of organs and hence their activity (photosynthesis, respiration) mediated
by energy exchanges.

Carbon allocation within a plant depends on complex rules linking source organs (mainly
leaves) and sink organs (mainly roots and fruits) for assimilates. The complexity comes
essentially from regulations due to feedback mechanisms and interactions between different
functions. In order to analyse this complexity, carbon models of plant growth have been
developed during the last thirty years (Le Roux et al., 2001). These models are powerful tools
to analyse how source and sink number, size and position within the plant affect the carbon
partitioning and as a consequence the vegetative and reproductive growth.

The first objective of this review is to address the conceptual framework of carbon allocation
in plant based on the current theories. The second objective is to exemplify the control of
carbon partitioning through regulatory mechanisms and the interactions between processes in
the plant system. The third objective is to analyse the role of plant architecture on carbon
allocation. Finally, to exemplify the interest of carbon partitioning modelling, plant models
will be used to assess the effect of management practices such as fruit thinning and plant
pruning on vegetative growth and fruit production.

THEORIES OF CARBON ALLOCATION

As stated by Lacointe (2000), Leroux et al. (2001) and Thornley and Johnson (1990), four
main approaches have been used in models of carbon economy. These approaches are
either empirical and allometric, teleonomic, source-sink, or based on transport and
chemical/biochemical conversion concepts.

The models of carbon balance based on empirical allocation coefficients give usually
reasonable predictions in the range of conditions for which these coefficients have been
measured. These coefficients can be constant or variable during the season or be modulated
by external conditions by means of empirical relationships. The biomass allocation between
plant parts X and Y can be derived from the assumption that allometric relationships exist
between differents parts of the plant (Y= a XP). West et al. (1997) proposed a general model
for the origin of allometric laws in biology. The model proposes that evolution by natural
selection resulted in optimal fractal-like vascular networks. These networks minimize the total
hydrodynamic resistance and yet maximize the whole organism ressource use by maximizing
the scaling of surfaces where ressources are exchanged with the environment. It has been
showed using this theory that the mass and growth rate of one plant part can be expressed in
terms of mass and growth rate of another part. One example is given for mango fruit for
which there is strong allometric relationship between stone dry weight and fruit dry weight
(Figure 1). Derivation of such an allometric equation has been used by Lescourret and Génard
(2005) to partition carbon between flesh and stone in a model of virtual peach fruit. However,
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such a model does not allow neither to explicit the regulations between processes nor to
simulate easily the effect of practices such as fruit thinning or shoot pruning on carbon
allocation coefficients.

N

Dry Mass Stone (g)

Dry Mass fruit (g)

Figure 1. Allometric relationships between stone mango dry weight and fruit dry weight.
Five different leaf to fruit ratio were used (from Léchaudel et al., 2002).

Many models of plant carbon allocation are based on teleonomic approaches where some goal
is assumed, e.g. a functional balance between shoot and root (Davidson, 1969) or a
relationship between foliage and conducting tissue as in the pipe-model (Shinozaki et al.,
1964).

The pipe model theory states that the sapwood area at height x (A) and the foliage biomass
above x (W) are related through a constant ratio (Shinozaki et al., 1964). This can be
interpreted, in terms of functional balance, as a condition for an efficient supply of water to
foliage biomass:

W=kA

The proportionality constant is often assigned different values at different plant heights
(Lacointe, 2000). The pipe model is one of the most commonly used model to distribute
ressources between foliage and woody structure in process based models (Sievénen et al.,
2000), however it is probably inadequate to predict plant response to disturbances such as
pruning or thinning (Le Roux et al., 2001).

Beside the hydraulic point of view as used in the pipe model, the stem also provides a
mechanical support to the foliage. It has been suggested that the stem taper profile is in many
case close to that just required for a safe and “harmonious” growth indicating a functional
balance (Lacointe, 2000). Assuming very simplified tree shape, MacMahon and Kronauer
(1976) predicted logitudinal profile of stem and branches diameter with a power law:

D =kL-
with D is the diameter at distance L from the point where D=0.

A differential expression of that law was used by Ford et al. (1990 dans Lacointe) to partition
assimilates between elongation and radial growth in coniferous branches.

Another important teleonomic approach concerns the root:shoot functional balance. Models
of carbon allocation between shoots and roots have been based largely on carbon supplied by
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the shoots and nitrogen supplied by the roots (Charles-Edwards, 1976; Reynolds and
Thornley, 1982 dans Chen et Reynolds 1997). This approach has been extended to water
supplied by the roots (Chen and Reynolds, 1997). According to the root:shoot functional
balance, total nitrogen (or water) acquisition by the root system is proportional to total carbon
assimilation by the shoots. This functional balance was described by Davidson (1969 voir Le
Roux) as:

We/W; = k (S+/Ss)

where W and W, are the shoot and root biomasses, respectively, Ss and S, are the shoot and
root specific activities, respectively, and k is a constant. The specific activities are usually
allowed to vary with external N or water availability (for S;) and with above-ground
environment such as light intensity and atmospheric CO, concentration (for Sg). Grechi et al.
(2006) found experimentally on grapevine strong allometric relationships between roots and
shoots. These relationships were highly dependant on nitrogen and light supply, so that a
strong relationship was found between the root:shoot ratio and the C:N ratio (Figure 2) which
Is in agreement with the root:shoot functional balance theory.
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Figure 2. Relationship between the root:shoot ratio and the C:N ratio of Vitis vinifera for
different levels of irradiance and nutrient supply (from Grechi et al., 2006).

Many models utilize optimization principles whereby the relative root:shoot allocation is
considered in the context of maximizing the relative growth rate of the plant or to constrain
the C/N ratio to a target value (Thornley and Johnson, 1990; Lacointe et al., 2000; Le Roux et
al., 2001). However optimization must rely on major simplifications in order to facilitate
analytical solutions to the optimal control strategy and assume that plants “anticipate” the
environmental conditions (Reynolds and Chen, 1996). As an alternative to optimisation,
Reynolds and Chen (1996 and 1997) proposed a “coordination theory” where the allocation
coefficients are driven by the imbalance between root N or water supply and shoot carbon
supply. Such a coordination has been also proposed for young peach trees by Génard et al.
(1998). In this case, a variable RS reflecting the balance between the mass of roots younger
than one year (Wr) and the leafy shoot mass (Ws) is defined as:

Rg=_1 Wr
RSe Ws

The parameter RSe is equal to the ratio of weight of young roots and weight of shoots when
the tree is at equilibrium. When RS is greater than one, there is an imbalance in favour of
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roots and assimilates are preferentially allocated to shoots, whereas when RS is less than one,
assimilates are preferentially allocated to roots. The consequence is a fluctuation of the
root:shoot ratio along the season. Equilibrium is reached when RS is equal to one.

In the source-sink relationships-based models, the carbon allocation is assumed to depend on
the respective ability of the different sinks to import available assimilates from the sources
(Lacointe, 2000). According to Grossman and DeJong (1994), this ability or “sink strength”
or “sink demand” is based on the genetically determined potential growth respiration rate,
maintenance respiration rate and net sink strength (g d*). The potential net sink strength is the
maximum rate at which the organ can accumulate dry matter per unit of time. It is the product
of sink size (g) and potential net sink activity (d™) expressed as the relative growth rate. The
potential net sink strength of an organ can be decreased by suboptimal environmental
conditions. That new sink strength is called by Grossman and DeJong (1994) the conditional
net sink strength. The sink growth rate, also called apparent net sink strength, is calculated
from the conditional net sink strength, taking into account the resource availability.

Experimentally determined seasonal patterns of organ growth potential are frequently used in
the literature to represent potential net sink strengths. Regarding fruits, Marcelis (1996)
argued that series of growth rate measured under conditions of non-limiting assimilate supply
provide a correct estimation, based on the idea that potential growth only changes with time.
However, this idea implies that constrained fruit growth is able to reach the potential growth
rate after removal of competing sinks. This capability was observed for cucumber (Marcelis,
1993) or tomato, but not for other species such as peach (Grossman and DeJong, 1995). For
such species, the conditional net sink strength at a given time depends on its state at this time,
i.e. on the past growth. Moreover, the dynamic of fruit growth and particulary the time at
which fruit growth slows down or stops depends on the accumulation of matter in the fruit
(Havis, 1962; Proebsting and Mills, 1981; Johnson, 1995).

Lescourret et al. (1998) proposed the following equation for the conditional net sink strength
(CSS). It emphasizes the role of fruit history by means of the accumulated growth (W), both in
terms of sink size and sink activity. It also emphasizes the role of time by means of
accumulated degree-days (Figure 3).

CSS = RGR,, xW x 1—WW xf(dd)  with f(dd)= 1 ifdd < ddp

max

dd__ -dd
f(dd ):#dd

i if dd is between ddmin and ddmay

max min

f(dd) =0 if dd > ddmax

where RGRjy; is the initial relative growth rate, Wnax refers to the limiting final weight and
ddmin and ddmax are parameters.

In some cases, sink strength strongly varies according to the equilibrium between sinks within
the plant which makes it very difficult to define potential or conditional sink strengths. It is
typically the case for shoots and roots which are growing according to the functional
equilibrium (see above). The potential (conditional) sink strength of shoots will depend on the
growth of roots and conversely. Génard et al. (1998) proposed an approach only based on the
apparent sink strength. They assumed that the conditional sink strength at time t was
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proportional to its apparent sink strength at t-1. The proportionality coefficient RS (see
above), which can be above or below 1, varied according to the root:shoot ratio at t-1.

Tmtial masses W,
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Figure 3. Conditional net sink strength (CSS) of peach fruit for different initial masses.
The fruit history (here the initial fruit mass) has strong effect on CSS.

An important step after the quantification of organs demands is the carbon allocation from
sources to sinks. Le Roux et al. (2001) summarized the allocation rules which are applied in
most of the models. When the demand is less than the supply, each sink gets its own demand
and the excess supply goes to reserves. On the other hand, there are two approaches to deal
with the case of supply shortage. In the “proportional” approach, the carbon supply from
sources is shared by the sink organs which get each the same proportion of their demand.
Alternatively, in the “hierarchical-priority” approach, the sink with the highest priority is
served first, then the component with the next priority level is considered, and so on. The
maintenance respiration requirements are assigned the highest priority because they are vital
for the organ survival. Most of the models use a mixture of these rules. It is the case of the
model proposed by Vaast et al. (2002) for the coffee branch.

Models based on transport and chemical/biochemical conversion concepts opened the way for
a more mechanistic description of the carbon partitioning. They made it possible to avoid the
empirical allocation coefficients, functional balance rules, or fixed allometric relationships.
Thornley (1972, 1998) first proposed a transport-resistance model for shoot:root partitioning
in relation to the availability of C and N. In this approach, C and N enter the plant through
uptake processes, plant compartment are connected via transport pathways, and substrates are
used for growth. Transport rate is proportional to concentration differences. This approach
can account for the effect of nitrogen on the shoot-root ratio. It is generally assumed that the
mechanism governing transport of assimilates is the Miinch pressure-driven flow (Dale and
Sutcliffe, 1986). Using the simplified formulation of the Minch hypothesis presented by
Thornley and Johnson (1990), Minchin et al. (1993) presented a simple mechanistic model of
phloem transport that explains sink priority as a function of sugar gradient. In the same
theoretical framework, Bassow and Ford (1990) proposed a space-time model of carbon
translocation in forest trees. More recently, Bruchou and Génard (1999) proposed a space-
time model of carbon translocation along a shoot bearing fruits (Figure 4). The novelty of this
model comes from the aggregation of physiological processes taking into account spatial
aspects. The stem is represented as a set of compartments connected to source (leafy shoots)
and sink (fruits) compartments.
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Figure 4. A model of carbohydrate translocation driven by concentration difference
between compartments of a branch. The branch is divided in metamer which are
compartments between which transferts occur. The sources are the leaves and the fruits
are the sinks. (from Bruchou and Génard, 1999).

The considered physiological processes are photosynthesis, respiration of fruits and leaves,
translocation of assimilates and fruit growth. Assimilate production is regulated by sink
strength. Carbon translocation between two compartments depends on the gradient of
assimilate concentration using the simplified formulation of the Munch hypothesis (Thornley
and Johnson, 1990). A similar approach has been used by Bidel et al. (2000) to model the
growth of the root. The authors used their model to analyze how differences in meristem sink
strength and/or phloem conductivity can control the morphology of the root system. Recently,
Allen et al. (2005) presented a carbon allocation model within the whole tree architecture
based on electric analogy. Daudet et al. (2002) proposed a more complete theoretical model
considering phloem and xylem flows in order to account for the carbon-water interactions.

An important step concerning fruit trees is the sugar unloading to the fruit and the
biochemical transformations of sugars within the fruit. The sugars can be transported from the
phloem to the fruit by active transport, mass flow or diffusion. Fishman and Génard (1998)
proposed the following equation to represent the total uptake of carbohydrates (U) by the
fruit:

U=Ua+(1-0p)*((Cp+Cf)/2)*Up + A*ps*(Cp-Cf)

where Ua is the rate of uptake due to active transport obeying a Michaelis-Menten equation,
Up is the phloem flow of liquid entering the fruit, Cp and Cf are the sugar concentrations in
the phloem and fruit, respectively, agp is the reflexion coefficient which is a measure of
impermeability of the cell membrane to the solute, A is the membrane area through which the
solutes diffuse and ps is the solute permeability coefficient. If gp = 1 the membranes are
impermeable and there is no sugar uptake through mass flow. As ps is usually small, the
diffusion component can often be neglected. The rate (Ua) obeys the Michaelis-Menten
equation:
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Ua=vm Cp/(KM+ Cp)
where vm is the maximum uptake rate and KM is the Michaelis-Menten constant.

The transformation of phloem sugars (sucrose, sorbitol,..) into sink soluble carbohydrates
(sucrose, glucose, fructose,...), starch or cell walls is one aspect of carbon partitioning that is
usually ignored. It is a major process of growth because sink soluble carbohydrates drive the
sink osmotic potential which in turn drives the sink water uptake. When a sink is harvested
for its quality, as in the case of fruits, the transformation of phloem sugars into other sugars,
starch and cell walls components determines their quality which is an important component of
their market value. This is important not only for fruits produced for their flesh such as mango
or peach but also for fruits produced for their seeds or beans such as coffee.

Génard and Souty (1996) and Génard et al. (2003) designed a mechanistic model, called
SUGAR (Génard and Lescourret, 2004) to predict the changes in sugar composition during
fruit development (Figure 5). The model was designed for peach, but the main principles can
be used for other fruits. In this model, the unloaded sugars are either directly stored in the
tissues or transformed in CO, through the respiration process or transformed into other sugars
or used to synthesize other compounds (structural carbohydrates, etc.). The enzymatic
reactions were described according to the “rate law” of chemical kinetics (Chang, 2000),
which states that the rate of a reaction is proportional to the reactant concentration. Thus, the
rates of change in the amounts of carbon in sugar compounds depend on sugars already
accumulated in the fruit flesh. They are described through a set of differential equations, each
equation being of the following form:

dc,
P TE Y k(.G ~C; Y ky(0.X) R,

t 1#] 1#]

where C;j is the carbon amount in sugar j, Ejand R;, which can be equal to zero, depending on
the compartment, are respectively the carbon flow from the phloem and the carbon loss by
respiration, k;; is a function of parameter (6) and variable (x) describing the relative rate of
sugar transformation of sugar i into sugar j.

. .

Fruit growth L] Fl\
\ 7

Glucose | | Fructose

K F3 s
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Sorbitol

Figure 5. Diagram illustrating the carbon partitioning by the SUGAR model to predict
the changes in sugar composition along the peach fruit development. Arrows, ellipses
and boxes represent carbon flows, carbon supply and losses, and carbohydrate
compartments, respectively. The Fi are allocation functions (from Génard and
Lescourret, 2004).
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REGULATIONS AND INTERACTIONS

The carbon allocation within a plant and between different biochemical compounds results
from strong regulation of source and sink strength. These regulations are at the basis of
teleonomic approaches such as the functional equilibrium in which the sink strength of shoot
and root systems is regulated by the state of the equilibrium between them. These regulations
are also considered in the source-sink models where the conditional net sink strength, and
thus the carbon partitioning, is regulated by the history of the sink itself. Moreover, in some
source-sink models, the source strength is regulated by the sink strength (Léchaudel et al.,
2005) or by the amount of reserves in the leaves (Lescourret et al., 1998). It is interesting to
notice that the high genotypic differences observed in peach photosynthesis by Quilot et al.
(2002) is not related to the variation of the potential photosynthesis that is very similar
between genotypes, but to differences in fruit sink strength. Indeed genotypes with low fruit
sink strength accumulate reserves in the leaves, which depress the actual photosynthesis
through a feedback mechanism. Such a feedback mechanism has also been documented on
coffee plants with low fruit loads (Vaast et al., 2005; Franck et al., 2006).

In models based on transport and chemical/biochemical conversion concepts, the regulation
are often emerging properties of the system. The model of Bruchou and Génard (1999) is used
hereafter to exemplify this fact.

The model was run for leaves:fruit ratios equals to 5 and 30. Simulated photosynthesis was
independent of the leaf:fruit ratio early in the morning, but after midday it decreased
concomitantly with the ratio value (Figure 6). Similarly, a decrease in photosynthesis with
low fruit loads has been observed for different tree species (Gucci et al., 1995; Chalmers et
al., 1975; Ben Mimoun et al., 1996; Franck et al., 2006). The diurnal variation of leaf
carbohydrate content (Figure 6) followed a classical pattern, increasing during the day and
decreasing at night (Upmeyer and Koller, 1973; Sharkey and Pate, 1976; Franck et al., 2006).
The leaf carbohydrates content increased with the leaf:fruit ratio (LF) whereas the export of
carbohydrates from leaves decreased from LF =5 to LF = 30 (Figure 6). The concentration of
carbohydrates simulated in the woody shoot exhibited a diurnal periodicity and increased with
the leaf:fruit ratio. The simulated unloading rate from phloem to fruit increased strongly with
the leaf:fruit ratio. The diurnal variations closely followed the variations of loading rate
(Figure 7) showing that the system quickly reacted to changes in assimilate supply.

Net Photo. (mmol/m .h)
Carb. Conc (mmol/m )
Loading Rate ( mmol/m h)

200

Figure 6. Simulated diurnal variation of peach leaf photosynthesis and carbohydrate
content, and phloem loading rate for leaves:fruit ratio equals to 5 and 30 (from Bruchou
and Génard, 1999).
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Figure 7. Simulated diurnal variation of unloading rate from phloem to fruit according
to leaf:fruit ratio in peach (from Bruchou and Génard, 1999).

The consequence of these different loading rates is an increase of fruit mass with leaf:fruit
ratio. These simulations showed that a change in source:sink ratio had a strong influence on
(i) source carbon status and activity, (ii) the different steps of carbon translocation and (iii)
sink activity. These effects are emergent properties of the system which result mainly from
the sugar concentrations in the different organs. The sugars can be considered as a signal
which operates as a regulator, i.e. an increase of leaf sugar content regulates the
photosynthesis by feedback inhibition, or an increase in phloem sugar concentration induces
an increase of sugar unloading in the fruit.

The partitioning of carbon also results from the interaction between different processes. The
transport resistance model of Thornley (1972; 1998) considers the transport and chemical
conversion of substrate C and N to structures. It is clear through this model that carbon
allocation is highly dependant on the nitrogen supply and allocation within the plant. Another
example is from the theoretical work of Daudet et al. (2002). These authors showed how the
carbon allocation can be affected by the water status of the plant. They showed that the fruit
growth rate in terms of dry matter can be decreased by plant water stress despite the fact that
the sucrose source is unchanged. Interestingly, using the model of Fishman and Génard
(1998), Lescourret et al. (2001) found that increasing the skin surface conductance for water
increased the fruit dry weight and decreased the fruit fresh weight. When surface conductance
increases, fruit transpiration increases strongly, and this can explain the decrease of fruit fresh
weight. On the opposite, the mass flow of sugar is increased, because the water inflow from
the plant to the fruit is higher, leading to an increase of the fruit dry weight.

From these examples about regulation and interaction between carbon, nitrogen and water, it
can be seen that mechanistic models are important tools to analyse and understand the carbon
allocation within the plant.

PARTITIONING AND ARCHITECTURE

During the last decade, many researchs were initiated in order to understand the complex
interactions between plant architecture and the physical and biological processes that drive
plant development. For this objective, functional-structural plant models were used (Ford,
1992; Bosc, 2000; King, 2005). Coste (2004) reviewed such models, and Sievédnen et al.
(2000) and Godin and Sinoquet (2005) discussed the different questions raised around
functional-structural plant models. Two points are particularly important to analyze, (i) the
impact of plant architecture on leaf photosynthesis variability within the canopy and (ii) the
architecture impact on carbon partitioning within the plant.
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It is well known that light interception is very variable within the plant, especially in the case
of trees (Génard and Baret, 1994). The use of 3D plant models for calculating light capture
and carbon assimilation throughout plant architecture was first proposed by Sinoquet et al.
(RATP model, 2001) and then Dauzat et al. (Archimed model, ASIC 2006). Both models lay
on the Farquhar leaf photosynthesis model (Farquhar et al., 1980) coupled with a stomatal
regulation model but they diverge relatively to the spatial scale at which photosynthesis
calculations are performed:
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Spatial discretizing of a 20-year-old walhut tree in the RATP model

Simulation of coffea arabica photosynthesis at leaf scale by the Archimed model

Figure 8. In the RATP model (A), the 3D plant model is used for spreading foliage into
3D cells. Light interception and photosynthesis are then calculated at cell scale. In
Archimed model (B), light interception and photosynthesis are calculated at the scale of
individual leaves.

In the RATP model, the 3D plant geometry is used to distribute the plant foliage into cells
within a 3D space (Figure 8). The light interception is then calculated by assuming that
foliage is randomly arranged within each cell (each cell being therefore considered as filled
with a turbid medium). Then, the light intercepted by cells is shared into sunlit and shaded
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foliage portions in order to calculate their photosynthesis. The carbon assimilated within a cell
has subsequently to be shared into the shoots proportionally to their foliage area within the
cell.

Alternatively, the Archimed model considers the light interception at the scale of individual
leaves (Figure 8). The integration of assimilated carbon can therefore be directly calculated at
any scale, from individual shoots to individual branches up to the tree scale. Because all
plants organs are connected through the plant topology, sap flows resulting from transpiration
can be calculated throughout the plant and, finally, water potential of stems and leaves can be
assessed (Dauzat et al., 2001). This feature opens the opportunity to infer the fruit
transpiration.

The model of Bruchou and Génard (1999) has been used to study the effect of fruit position
on the branches on phloem sugar concentrations and specific mass transfer. Considering a
branch with two fruits and a regular distribution of leaves, it was noticed that the sugar
concentration along the branch was at its lowest at the fruit location, hence generating
concentration gradients between leaves and fruits (Figure 9 A). It is interesting to notice that
when fruits and leaves were regularly distributed along the branch, these concentration
gradients generate phloem flux in different directions on the same branch. When the leaves
and the fruits were on the opposite sides of a branch, the concentration gradient between
source and sink was almost linear (Figure 9 B). The mean gradient was in the range of 0.05-
0.2 g cm-3 m-* which are values similar to the gradients (0.02-0.3 g cm-> m-) measured in
different tree species (Zimmermann, 1957; Grange and Peel, 1978; Hocking, 1980). Using
this model, Bruchou and Génard (1999) analysed the competition between peach fruits. They
studied a branch bearing two fruits and four leafy shoots, fruits and shoots being on the
opposite extremities of the branch. The simulation predicted a decrease of 22% in dry matter
for the fruit farthest from the leaves, which was consistent with experimental results. In order
to analyse the distance effect by means of the model, the cases where only the proximal or
distal fruit was kept on the stem were simulated. In both situations, fruit growth was the same,
which shows that, according to our model, there is no distance effect but a relative position
effect. This means that topology of the system was the most important.
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Figure 9. Effect of fruit position on the branches, on phloem sugar concentrations. (A)
Diurnal variation of phloem concentration according to position on branch with two
fruits and a regular distribution of leaves. (B) Phloem concentration according to
position on branch when the leaves and the fruits were on the opposite sides of the
branch (from Génard and Bruchou, 1999).
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A modelling framework has been recently developed to analyse carbon transfer within a
complex root architecture (Vercambre in prep). Movement of the phloem sap is caused by a
gradient in hydrostatic pressure, the pressure in the phloem being osmotically induced
accordingly to the Munch's theory. The sieve plate is assumed to be totally permeable to
solutes, i.e. the reflection coefficient is null. Only one form of carbohydrate is considered in
the present case and other solutes are neglected. Carbohydrate unloading is supposed to be
limited by an enzymatic process. At the collar of the root system, the carbohydrate
concentration is imposed. The model allows the simulation of the carbohydrates distribution
in the root system (Figure 10) and assess the assimilate concentration throughout the root
system according to its topology and the root properties.

Large concentration gradients appear along the axis, especially for the branched roots with
limited phloem transfer capacities. The carbohydrate concentration gradient is relatively low
for the main axis compared to the branched roots. Along the main axis, presence of lateral
roots lead to a large decrease in carbohydrate availability, due to carbohydrate unloading in
lateral roots. The carbohydrate concentration is highly variable in the secondary root tips,
depending on the location of the root insertion on the main axis as well as on the length of the
secondary root; the longer the root, the lower the carbohydrate concentration. Furthermore, a
steep decrease in carbohydrate concentration is observed at the root tips. This decrease results
from high sink activity of the root tips due to a high metabolic and growth activity.

These examples clearly showed that we are now able to take into consideration the
architecture-function interactions in models which can help us to analyse how the plant is
functionning. The challenge for the future is probably to be able to provide to these models
experimental data on roots conductances, phloem concentrations, ... etc, in order to test their
underlying hypotheses.
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Figure 10. Simulated phloem carbohydrate concentration throughout a taprooted

system 100 days old. Root collar carbohydrate concentration is fixed at 0.5 M, and the
xylem water potential is assumed as uniform and null.
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Effect of cultural practices

Most of the cultural practices are able to change the cabon partitioning within the plant. There
are numerous papers showing that high levels of nutrient supply increase shoot growth
relatively to root growth (Cannell, 1985). The root/shoot models predict that water stress
would increase root growth relatively to shoot growth, which is actually what is observed in
most cases (Cannell, 1985; Ericsson et al., 1996). Effect of pruning and fruit thinning are the
two other important practices having a strong influence on carbon partitioning. The effect of
both these practices will be analysed hereafter using structural-functional models.

Génard et al. (1998) studied the effect of pruning on carbon allocation, using a model
simulating growth and development of peach trees during their first growing season. This
model distinguishes four types of compartments: the rootstock, the main axis, the secondary
axes and the new roots. Tree structure is described by the position of secondary axes on the
main axis. The processes considered by the model are: (1) the plastochron activity of the main
axis, which defines the time needed to produce a new metamer and its related ramification;
(2) the mobilization of reserves and carbon acquisition for tree growth; and (3) the
partitioning and use of carbon for maintenance and growth. The balance between root and
shoot growth is managed using the principles of “coordination theory”. If the shoot:root ratio
is altered by pruning, it tends to be restored by compensatory growth through an alteration of
the partitioning scheme. Growth correlations between the main and secondary axes are also
considered in order to define the rules of assimilate partitioning.

The model, validated on experimental data, accounted for several previously reported pruning
responses. For example, as classically observed the model predicts that pruning intensity and
date of pruning have little effect on the seasonal carbon balance and consequently on the total
dry weight at the end of the growing season. The model also predicts an increase in the
growth of the axes remaining after pruning, tending to recreate a more functional root:shoot
ratio which is well documented in the literature (Cannell, 1985). Pruning also increased the
rhythmic growth of shoot and root in the model simulations as related by Atkinson (1980).
More recently, a structural-functional model simulating walnut tree growth in response to
pruning has been proposed by Balandier et al. (2000) for several year old trees.

These models concern trees without fruits and are not not usable to analyse the effect of
management on trees bearing fruits. We are currently developing a “virtual tree” model
describing carbon transfer within the plant between shoots bearing fruits, trunk and branches,
and roots, which is usable for such an analysis. The model assumes that the plant is a set of
shoot bearing fruits connected to each other by the branches. The carbon allocation between
shoots bearing fruits and with the other parts of the plant is based both on source-sink
concepts and a simplified version of the Munch transport theory. The leafy shoots have the
first priority for growth. The balance between root and shoot growth is managed using the
principles of “coordination theory”. The physiological processes considered are the leaf and
fruit photosynthesis, the respiration of all the plant organs, the carbon storage and
remobilisation in leaves, branches-trunk and roots, the growth of the organs. The leaf
photosynthesis is regulated by their reserve concentration.

Simulations were performed from 63 to 111 days after bloom, on a peach tree with two main
branches, 20 shoots bearing fruits, 188 fruits and 119 shoots before pruning and thinning. The
effect of summer pruning and fruit thinning was analysed considering an unpruned high
loaded tree, an unpruned thinned tree (80% of fruits removed), a pruned (50% of leafy shoots
removed) high loaded tree, and a pruned thinned tree (Figure 11).
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The photosynthesis rate was the highest for high loaded trees. The pruned thinned tree
exhibited also a high photosynthesis rate during the 10 first days of simulation, and a
decreased rate when the tree recovered its foliage area. Pruning and thinning had both an
effect on growth and reserve accumulation of the different organs. However, the effect was
very different on sinks and source organs. The sink organs grew more and accumulated more
reserves when the leaf:fruit ratio was greater. The shoots grew more when the tree was pruned
and, for a given pruning intensity, they grew more when the tree was thinned. The effect of
pruning on shoot growth can be interpreted according to the coordination theory. But why do
shoots grow more after thinning when the model assumes they have a priority for carbon? The
analysis of simulations shows that there is more carbon available for roots when the tree is
thinned. The subsequent increase of root growth induces an increase of shoot sink strength
due to the application of the “coordination” theory.
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Figure 11. Peach leaf photosynthesis rate (A) and carbon partitioning between fruits,
leaves, aerial wood and roots (B) as predicted by the virtual tree for different levels of
fruit thinning and summer pruning. The treatments are unpruned unthinned tree
(Unpr+Unth), unpruned thinned tree (80% of fruits were removed, Unpr+Th), a pruned
(50% of leafy shoots were removed) unthinned tree (Pr+Unth), and a pruned thinned
tree (Pr+Th).
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In most of the published studies, the negative effect of high fruit load on shoot growth is
interpreted as a direct competition between fruits and shoots (Hurd et al., 1979; Grossman and
DelJong, 1995). Our simulation leads to an alternative interpretation of the fruit load effect on
vegetative growth: the competition between fruits and roots for carbon decreases both the
fruit and root growth, but the decrease of shoot growth only results from the decrease of root
growth.

CONCLUSIONS

Carbon partitioning in plants is controled by a number of factors which include
photosynthesis, the number and location of competing sinks, storage capacity and vascular
tranport. Although there is considerable information on individual processes in plants such as
photosynthesis, translocation and cell growth, it appears that the control actually regulating
the carbon partitioning at the whole plant level are still poorly understood (Wardlaw, 1990;
Le Roux et al., 2001). Indeed, many processes are closely interrelated and more integrative
research work based on modelling approach is needed. One interesting way is to follow the
teleonomic approach which assumes that the different processes are interrelated through a
common goal. That approach can bring general macroscopic laws applicable to a large range
of species (West et al., 1997 and 1999; Enquist, 2002) and is able to represent carbon
partitioning strategies selected by evolutionary pressure. Another way is to integrate basic
knowledge in source-sink and transport and chemical/biochemical models able to link the
different processes. Such models are based on different theories corresponding to more or less
accurate description of mechanisms. They allow to take into consideration the regulation of
processes and their interactions. They are able to simulate complex allocation processes and
could be useful tools to analyse the genetic variability (Quilot et al., 2005), and to interpret
some genomic studies. With the increasing power of computers and informatic languages, it
becomes possible to link plant architecture and function in functional-structural plant models
which opens new avenues to link plant growth and development with environmental and
management factors. It is clear that the body of knowledge on coffee tree is now important
enough to undertake such approach. As far as multiple interactions link functions (carbon
assimilation, transpiration, growth...) and plant organs, we need integrated simulation tools
that interactively calculate:

the carbon assimilation throughout the plant canopy;

the transpiration throughout the plant canopy;

the sink demand for assimilates throughout the aerial and root systems;
the resulting assimilate flow throughout the phloem system;

the water flow and resulting water potential throughout the xylem system.

akrwNpE

Points 1, 2 and 5 have been already addressed in coffee tree and will be presented in the
following lectures.
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lesser extent, by fruits), and carbon sink organs (i.e. carbon fixation in biomass, accumulation
as reserves and consumption by respiration of plant organs). Concerning coffee A, it has been
shown that when the carbon demand by sink organs, especially fruits, is low, A is down-
regulated (Cannell, 1971; Vaast et al., 2005a). This feature is known as source:sink down-
regulation of photosynthesis. Other factors which have been shown to restrict coffee A are
stomatal conductance (gs) (Nunes, 1988), especially under hot and dry conditions (Da Matta,
2004), and photoinhibition (PI) (Nunes et al., 1993). Regarding carbon allocation to different
organs of coffee, a high fruit load implies high demand for carbon which induces lower
vegetative growth and even branch mortality (Cannell, 1971). Under these conditions, the
amount of new fructiferous nodes is reduced and the fruit production for the next season is
hampered (Cannell, 1971).

In order to study how different shading rates and fruit loads affect coffee carbon assimilation
and allocation, we established a trial on a commercial farm in the Orosi Valley of Costa Rica
in which the coffee plants were submitted to four growth irradiance (Gl) levels and four fruit
load levels (FL). Gas exchange and chlorophyll fluorescence measurements were performed
in order to parameterize an A model for coffee leaves. Additionally, growth dynamic and
carbon content of the different plant organs were followed in order to estimate carbon demand
and allocation. The effect of coffee shade acclimation on the different components of the
carbon balance and their relationship to coffee performance in agroforestry systems are
discussed.

MATERIALS AND METHODS
Experimental site and plant material

Measurements were performed on coffee plants (Coffea arabica L.) of the highly productive,
dwarf cv. ‘Caturra’ in a homogenous commercial orchard in the Orosi valley of Costa Rica
(9.79 N, 83.82 W; 1108 m above sea level) planted in 1999 on an Inceptisol. The coffee plants
were in their second (2003) and third (2004) production cycles at a 1 x 2 m spacing with east-
west oriented rows.

Growth irradiance and fruit load treatments

Four growth irradiance (Gl) treatments were established in December 2002. Each treatment
included eight coffee rows of 10 plants each. Treatments consisted in full solar irradiance
(Glio) and three shade treatments with 75% (Gls), 50% (Glso), and 25% (Gl,s) of the full
solar irradiance. Gl treatments were achieved by constructing shade houses covered with
black shade screens with the required light transmittances. Within each Gl treatment, four
fruit load treatments (full fruit load [FL1oo], 50% [FLso], 25% [FL2s] and 5% [FLs]) were
established in September 2002. Each FL treatment was applied on eight plants per Gl
treatment.

Carbon assimilation model

For modelling the intrinsic photosynthetic capacity of coffee leaves we used the model
developed by (Farquhar et al., 1980) as modified by (Harley and Tenhunen, 1991). This
model is based on biochemical limitations to carbon assimilation which relies on incident
photon flux density (PFD) and mesophyll CO, concentration (C;). The limitations to A
imposed by gs were modelled following the approach of (Ball et al., 1987) who presented an
empirical relationship which incorporates the often observed correlation between A and gs
(Leuning, 1995) and includes the effects of air humidity (HR) and ambient CO, concentration.
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We used this model as modified by (Leuning, 1995) and coupled it to the A model hereby
allowing the simultaneous estimation of A and gs. To include the limitation to A caused by PI
we adjusted the model proposed by (Ogren, 1991) which can be derived from leaf
fluorescence and gas exchange measurements and allows estimating the effect of Pl on two
parameters of the (Farquhar et al., 1980) model as a function of incident PFD integrated over
a given period.

Determination of the parameters of the photosynthesis sub-model

A and gs were measured with a CO,/H,0 infrared gas analyser (LCPro, ADC BioScientific
Ltd., Hoddesdon, U.K.) connected to a broadleaf chamber and with automatic control of leaf
temperature, PFD and CO; and H;O concentrations. For the parameterisation of the
photosynthesis model, light response curves and C; response curves were performed on fully
developed exposed leaves (3" to 6™ pair of leaves from the branch tip) sampled on
plagiotropic branches at mid-height in the crown of plants in the four GI treatments at a
reference leaf temperature (T;) of 25 °C.

Determination of the parameters of the stomatal conductance sub-model

For the gs sub-model, spot measurements of A and gs were performed with the infrared gas
analyser in the four GI treatments during the months of June and July 2004 under current
PFD, T;, and CO; and H,O concentrations. In each GI treatment, measurements were
performed at three periods of the day (5:30-9:30; 11:30-14:00; and 15:00-17:30) on eight
fully-exposed mature leaves. The following variables were simultaneously recorded for each
measurement: PFD, T, HR, C;, gs and A.

Determination of the parameters of the photoinhibition sub-model

For the four GI treatments, chlorophyll fluorescence measurements were performed on
horizontal leaves, fully exposed to solar irradiance during the whole day, on girdled branches
with a minimal fruit load of 12 fruits per leaf in order to restrict the probability of sampling
sink-limited leaves (Vaast et al., 2005a). The ratio of variable to maximum chlorophyll
fluorescence (F./Fn) was measured on leaves that were previously dark adapted for a period
of ~25 minutes with a portable, pulse-modulated fluorometer (FMS2, Hansatech Instruments
Ltd., Pentney, Norfolk, UK).

Source: sink feedback trial

High (10 Fruit/leaf) and low (1 Fr/l) treatments were established on girdled coffee branches.
Three month later, maximal A (Ams) Was measured at 1056 pmol m?s™ PFD on leaves
which were then collected and lyophilised together with the twigs. Carbohydrate contents
were measured in all sampled leaves and twigs: glucose, fructose and sucrose were
determined using high performance liquid chromatography (HPLC) with ionic separation
(DIONEX Co., Sunnyval, CA, USA) and starch was analysed on the residual pellet after
sugar extraction by hydrolysis with amyloglucosidase (Robinson et al., 1988) and its
concentration was determined enzymatically (Bergmeyer et al., 1984).

Biometrical and tissue chemical composition measurements

On each of the eight plants of the GI x FL treatments, three plagiotropic branches (A;) were
selected at different heights on the plant (high: 10™-14™ node from the top [H]; middle:
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22"-26™ node [M]; and low: 34™-38™ node [L]). Biometrical measurements on these branches
were performed at a monthly interval from May 2003 to January 2004.

Measurements included a full description of primary (A;) and secondary (As) ramifications in
terms of length, diameter and number of nodes, fruits and leaves. Length and width of all
leaves were measured. Allometrical functions were adjusted in order to estimate leaf area
from their length and width and twig dry weight from their number of internodes. Leaf mass
to area ratio (Ma) was estimated by dividing the dry weight of each leaf sample by its
corresponding estimated leaf area. Potential fruit growth was estimated by adjusting a logistic
equation to fruit dry weight measurements performed at each measurement date. Carbon,
nitrogen and ash content of the different organs of the branches were measured with
automatic element analyser (Flash EA 1112, Thermo Finnigan Italia S.P.A., Rodano-Milano,
Italy) and used to estimate growth respiration (RG) by means of the equation proposed by
(Vertregt and Penning de Vries, 1987) as modified by (Penning de Vries et al., 1989).
Maintenance respiration (RM) was estimated following (Génard et al., 1998).

RESULTS
Carbon assimilation model and it’s relationship with leaf mass to area ratio

Ma linearly decreased with decreasing GI from 153.3 £ 5.7 at Glygo t0 94.3 £ 2.5 at Glys. The
adjusted leaf carbon assimilation model revealed that all parameters could be directly or
indirectly related to Ma on a 1:1 basis, at the exception of the parameters of the Pl submodel
which were related to Ma by logarithmic equations (Table 1). This allowed expressing the
parameters of the model as a function of Ma hereby enabling the use a single set of parameter
for all of the GI treatments. The performance of the model was tested for two contrasting days
(cloudy and sunny) and showed a good agreement with observed A but with a tendency to
overestimate A as the afternoon proceeded, which was more marked with decreasing Gl
(Figure 1). Taking PI into account increased the predictions of the model, especially for
higher Gl treatments (Figure 1).

Table 1. Equations for calculating the parameters of the carbon assimilation model

ref.

as a function leaf mass to area ratio (Ma). Ma : reference Ma.

Submodel Parameter Function used R®

Ol Oc = 0.62Ma™"/Ma 0.94

A Pl Pt = 31.22Ma/M "™ 0.67
VCrax VCmax = 57.78Ma/MA™ 0.92

Ry Rg= 0.844Ma/MA™ 0.60

Os a a; = 31.05MA""/Ma 0.91

ol m m = 0.0006Ln(Ma) — 0.0035 0.83
Lfiuxa Luxg = 212.95Ln(MA) —820.06 0.43

Parameters: photosynthesis (A): maximum quantum yield (a;), CO;- and light-saturated rate
of A (Pm), maximum carboxylation rate (Vcnax), day respiration (Ry); stomatal conductance
(0s): coefficient of gs sensibility to A, intercellular CO; concentration and vapour pressure
deficit (a;); photoinhibition (PI): coefficient Pl sensibility to photon flux density (m) and light
PI threshold (Lsuxs)-

Effect of treatments on the branch carbon balance
Shade had a strong significant effect on flowering intensity and consequent fruit load with

fruit set levels of 4620 + 821 (fruits per plant) for Glig, 3052 £ 525 for Glzs, 1500 + 183 for
Glsp and 605 + 139 for Gl,s. The logistic growth functions adjusted to the seasonal evolution
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of fruit dry weight (data not shown) were used to estimate potential carbon demand by fruits
(W CDg) by adding the carbon fixed by the fruits (i.e. fruit dry weight x fruit carbon content)
and the estimations of carbon consumed by RG and RM (Figure 2). Then, an indicator of the
source:sink relationship (Si/So) of each branch and measurement date was calculated by
relating the estimated ¥ CDg, multiplied by the total amount of fruits on each branch (Ng) to
the total leaf area of each branch (LAg,; Si/So = [W CDg; X Ni]/LAg,). Different plant growth
traits were related to Si/So showing that, independently of GI treatment, leaf abscission
linearly increased with increasing Si/So for H and M branches whereas, for these same
branches, leaf initiation rate linearly decreased with increasing Si/So (Figure 3ab). No
relationship between these traits and Si/So was found for L branches and no relationship
between Si/So and fruit drop was found for any branch height (Figure 3a-c). The analysis for
the entire season showed that the mean initiation rate of leaves, nodes and ramifications
decreased with increasing Si/So, whereas, the incidence of dieback increased with increasing
Si/So (Figure 3d-g). On the other hand, yield increased whereas the proportion of big beans
and the floral intensity of the following season decreased with increasing Si/So (Figure 3h-k).
Concerning these traits, shade had a beneficial effect on yield and the proportion of big beans
and a negative effect on flowering intensity of the following season (Figure 3h-k).

G ' ' @

M

T m)

\

5.00 9:00 13:00 17:00 500 9:00 13:00 17:00
Time (hours)

Figure 1. Measured and predicted daily evolution of net carbon assimilation rate (A)
with (full lines) and without (broken lines) accounting for the effect of photoinhibition
during two contrasting days (cloudy day: a, c, e, g; sunny day: b, d, f, h) for the different
growth irradiance (GI) treatments (Glioo: ab; Glas: cd; Glso: ef; Glas: gh).
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Figure 2. Estimated potential carbon demand by fruits (W CDg,) as a function of time for
the different growth irradiance (Gl) treatments: Gl (a), Glvs (b), Glso (€) and Glys (d).
Vertical lines: fixed carbon, grey: growth respiration and black: maintenance
respiration.

Source:sink down-regulation of carbon assimilation

The results of the experiment on girdled coffee branches shows that low sink demand induced
a significant increment of sucrose, soluble sugar (SS) and starch content in twigs and leaves
and an increased fruit dry weight whereas Amax was reduced (Table 2). Furthermore, a
negative relationship between Anax and leaf soluble sugar content could be established (Figure
4a) and this response was mirrored when the mean estimated seasonal branch carbon
assimilation (Ag;) was expressed as a function of Si/So, showing an increment of Ag; with

increasing Si/So (Figure 4b).

Table 2. Total non structural carbohydrates (TNC) in twigs and fruit dry weight (DWg)
at the onset (initial) and the end (final) of the source: sink feedback trial; starch,
sucrose, soluble sugar (SS) and maximal photosyntheic rate (Amax) of leaves in the
morning and at noon for high (Hg.) and low (Lg.) fruit load treatments of girdled coffee
branches. Different letters on a same line indicate statistical significant differences
between treatments (Bonferroni, a = 0.05).

Organ Trait Initial Final
| HeL LrL
Twig | TNC (mgg™) 14.9 + 1.2b 05+01c | 89.8+7.1a
Fruit DW5; (g fruit™ 0.23 +0.02c 0.32+0.01b | 0.40+0.01a
Morning Noon
HeL LrL HeL LrL
Leaves | Starch (mg g™) 7.6+6.5c |163.8+57.9ab |22.2+14.6¢c | 189.1 +59.5a
Sucrose (mg g ) 37.1 + 2.5ef 56.3 * 4ab 46.6 + 9cd 63.8 + 3.6a
SS (mgg™?) 43.8 + 4.2de 62.8 +4.1a 54.1 £85bc | 69.6 £4.5a
Amax (MmOl m?s™) | 954+131a | 555+161c |7,24+168b| 289+ 0,76d
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Figure 3. Some growth traits as a function of the indicator of the source:sink ratio
estimated for each measurement date (Si/So'; a-c) and seasonal mean estimations (Si/So®;
d-k). a-c: high (A), middle (A) and low (0) branches; d-k: Glig (®), Gl5 (O), Glso ()
and Gl (H).
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Figure 4. A: Maximum leaf CO; assimilation (Amax) rate as a function of leaf soluble
sugar content (SSCy,). B: Estimated branch A (Agr) as a function of the source:sink
indicator (Si/So); same symbols as in Figure 3d-k.

DISCUSSION

The results obtained with the leaf A model confirm the acclimation of coffee leaf A to shade
showing that, even at Gl levels of 25%, the carbon assimilation of coffee leaves is only
slightly reduced as compared to full sun owing to (i) an increased quantum use efficiency (ii)
a more efficient investment of dry matter in leaf area (i.e. lower M), (iii) a lower limitation
by gs and PI due to lower leaf to air VPD (Nunes, 1988) and lower incident PFD (Nunes et al.,
1993), respectively (Figure 1 and Table 1). Concerning the carbon balance, we confirm the

1029



hypothesis enounced by (Cannell, 1971), indicating that coffee lacks a self-thinning
mechanism in response to high fruit loads achieved in full sun (Figure 3c). This leads to very
high carbon demand by fruits which results in a decreased vegetative growth, an increased
leaf drop and an incremented incidence of branch dieback, which all negatively affects return
to bloom (Figure 3). With regard to yield, high carbon demand by fruits reduces the
proportion of big beans but increases yield. Shade appears to have a beneficial effect on bean
size and yield whilst reducing potential yield owing to a negative effect on bloom intensity
(Figure 3h-k).

Our results, both at the leaf level and the branch level, confirm a source:sink down-regulation
of carbon assimilation which is mediated by an increasing accumulation of carbohydrates in
the leaves when sink demand for carbon decreases (Figure 4). Even under high fruit load
conditions, carbohydrates accumulate in coffee leaves inducing a reduction of A towards the
afternoon (Table 2). This feature could explain why the A model overestimated A in the
afternoon (Figure 1) as it does not include down-regulation by carbohydrate accumulation in
leaves. Moreover, the observed decrease in fruit load by shade might be at the origin of the
increasing overestimation of A with decreasing Gl levels (Figure 1).

Taken together, our results indicate that shade plant characteristics severely alter coffee plants
carbon balance in agroforestry systems. As the woody structure (i.e. carbon storage capacity)
of the coffee plant is rather small, insufficient carbon can be stored during periods of low fruit
carbon demand or when fruit load is low (Table 2). Consequently, in shading treatments
where fruit load is low, carbon surpluses rapidly accumulate in leaves inducing a down-
regulation of photosynthesis (Table 2, Figure 4). On the other hand, when plants are grown in
full sun, the absence of a self-thinning mechanism leads to excessive fruit load which rapidly
consumes the insufficient reserves and then hampers vegetative growth and bean size. This
further leads to alternate bearing cycles. The fact that under high fruit loads, despite a
reduction of fruit size, an accumulation of soluble sugars in the leaves is observed, indicates
that sugars are not readily translocated from leaves to fruits. Based on our results we propose
that future studies dealing with increasing the storage capacity and the translocation rate from
source organs to sink organs, as well as increasing floral induction in agroforestry systems,
may improve coffee yield and bean size. Regarding leaf photosynthetic capacity, the present A
model reveals beneficial effects of shade by decreasing photoinhibitory and stomatal
restrictions to photosynthesis, the latter showing a higher effect.
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Ths study was part of the CoCE project (Conservation and use of wild populations of Coffea
arabica in the montane rainforests of Ethiopia), assessing the diversity and the economic
value of the Ethiopian coffee gene pool and to develop concepts of model character for
conservation and use of the genetic resources. Thereby it focuses on traits inherent to the wild
coffee populations and their usefulness for breeders. The aim was to characterize the water
use of Arabica coffee by measuring gas exchange, hydraulic properties and water potentials to
achieve an ecophysiological analysis as a basis for conservation and use of wild coffee
populations in Ethiopia. The results could support the design of forest resource management
concepts or transfer ecophysiologically desired plant traits through breeding programs. If
coffee populations or accessions with outstanding drought adaptability in terms of growth
architecture and hydraulic conditions could be identified, this would be an important
argument to preserve and use the wild Arabica coffee populations by the protection of the
respective montane rainforests of Ethiopia.

It was hypothesized that a rainfall gradient would promote regional differentiation in
ecophysiological traits that would allow the identification of drought-tolerant coffee
populations. In this regard, there are many indications of genetically based traits in the coffee
plants for adaptation to drought stress. The hydraulic conductivity of the roots and shoots are
among the key ecophysiological factors for identifying drought-tolerant coffee cultivars. This
study was directed towards identification of some of the most important functional traits and
the underlying mechanisms for coping with environmental stress in wild coffee populations.

METHODS

Measurements were carried out in situ, as well as in an extended ex situ experiment, where
seeds of the four original sites were used to raise seedlings. In-situ-investigations were made
within four rainforests along a rainfall gradient between 2,350 and 950 mm per year,
following the order of Berhane-Kontir > Yayu > Bonga > Harenna, with the driest site,
Harenna, situated in the southeast. Moreover, coffee accessions from these wild coffee
populations were established at the Jimma Research Center. In the ex-situ experiment, the
one-year-old coffee seedlings were evaluated under contrasting daylight and drought stress
regimes over a period of 17 days.
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Figure 1. Map of Ethiopia indicating the four in situ study sites Berhane-Kontir, Bonga,
Harenna and Yayu. The site of the ex-situ experiment, Jimma, is situated near Bonga.
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Measurements tackled all relevant parts of water transport, i.e. soil conditions, the hydraulic
conductivity of the root and the shoot system, stomatal control of gas exchange, and the
atmospheric demand for water vapour. A porometer (Lcpro, ADC, UK) was used to measure
gas exchange. A high-pressure flow meter (HPFM, Dynamax, USA) was employed to
measure hydraulic flows in root and shoot segments of mature trees and coffee seedlings.

RESULTS

Water use efficiency in situ, measured by isotopes as well as by gas exchange, was found to
be higher in the dry than in the wet season, and on dry sites compared to wet sites, thus
reflecting the availability of water (Figure 2).
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Figure 2. 8'3C values of leaf samples collected after the dry season at the four
experimental sites.

No correlation with the rainfall gradient, however, was observed neither when measuring the
hydraulic system in situ, nor under ex situ conditions (Figure 3) In both cases, Harenna trees
showed the highest values, follwed by Berhane Kontir, while Bonga trees showed the lowest
values.
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Figure 3. Stem hydraulic conductivity of trees in situ (left) and ex situ (right).

Looking at gas exchange measurements, plants from the driest site, Harenna, showed highest
transpiration when under drought and light stress (Figure 4). Trees from Berhane Kontir
showed the lowest values. Harenna trees also had the highest biomass, while Berhane Kontir
trees showed the lowest values. The root/shoot ratio for Harenna trees was highest, followed
by Bonga, Yayu and Berhane Kontir (Figure 5).
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Figure 4. Stomatal conductance gs vs. vapour pressure deficit under drought and light
stress during the ex-situ experiment.The 95% confidence intervals are indicated. Only
results from Harenna and Berhane Kontir are shown, results from the other two sites
were in between.
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Figure 6. Predawn water potential of trees under drought and light stress. Only
Harenna and Berhane Kontir trees are shown, the other two groups were in between.

When looking at plant water potentials during the drought and light stress experiment, the
predawn values were decreasing fastest for Harenna indicating fastest dehydration. These
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slowest decrease was measured for Berhane Kontir trees (Figure 6). According to this, wilting
started first for Harenna trees, and first plants died after about 20 days.

DISCUSSION

The results showed that the precipitation gradient was not reflected in a simple way by
drought stress tolerance of trees. While isotopic measurements confirmed a higher water use
efficiency for trees with low water availability, measurements of hydraulic conductance were
surprisingly indicating Harenna trees to have less limitations for water transport in the shoot.
High hydraulic conductivity poses a threat under drought conditions due to the formation of
cavitation, for which reason an order according to the rainfall gradient would have been
expected. The trees from the three southwestern site in fact were confirming such an order,
with Bonga showing lowest hydraulic conductivity both in situ and ex situ. Trees from
Harenna, the driest site, also behaved diferently from the others when looking at transpiration
measurements. Highest stomatal conductances were maintained under drought stress, leading
to strongest dehydration. On the other hand, the biomass production was highest for Harenna
trees.. The root/shoot ratio of the ex situ seedlings again reflected the expected pattern
according to the precipitation patterns of the original sites, with Harenna and Bonga having
the highest, and Berhane Kontir trees having the lowest values.

Summarising, the plants from Harenna showed a liberal water use under drought stress, at the
same time achieving high productivity. Trees from Berhane Kontir, the wettest site, were
conservative in terms of water use, with lower stomatal conductance, but less biomass
production. It is speculated that different water use strategies might be expressed by these
patterns, letting find Harenna populations their way out of serious droughts by putting their
main effort into biomass and seed production (and thus conservation of the population as a
whole), while trees from other populations might be more oriented to ensure individual
survival.

Modern coffee varieties have a very narrow genetic basis, likely to based on genotypes from
east of the Rift valley (Montagnon and Bouharmont, 1996). The present results confirmed
ecophysiological differences between populations from east and west of the Rift Valley,
respectively, indicating that especially populations from soutwestern Ethiopia are highly
valuable for enriching the genetic basis of cultivated C. arabica germplasm.
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(Raupach, 1991), they are one-dimensional and inappropriate for row crops such as coffee. A
fortiori, multi-strata agroforestry systems are out of their scope.

Alternatively, the approach developed in this paper lay on light models enabling the
calculation of individual leaves irradiance in any complex stand (Dauzat et al., 2001). On this
basis, it becomes possible to numerically calculate the photosynthesis of individual leaves and
to properly integrate it at the plant level and at the canopy level. This 3D model was applied
to coffee canopies receiving full radiation or half of it. Using this model, we analyzed the
effect of micrometeorological variables on coffee canopy photosynthesis and the effect of
shading.

MATERIAL AND METHODS
Experimental site and measurements

Measurements were performed on dwarf cv. ‘Caturra’ of Coffea arabica in the Orosi valley of
Costa Rica (9.79 N, 83.82 W, 1108 a.s.l). Shadowing treatments were applied using a shading
net as described in Franck et al. (Franck et al., 2006) and leaves photosynthesis was measured
in each treatment [ibid]. Two treatments were selected for integrating leaf photosynthesis to
canopy level: Glyg, receiving 100% of solar radiation and Glsp, receiving 45% of it.

Figure 1. Reconstruction of 3D canopies. a: Detail of a virtual plant with internodes and
leaves. b: Top view of reconstructed row (Glso) which is virtually duplicated for
simulating an infinite canopy.

For representing virtual canopies, 12 m long portions of rows were selected within each
treatment. The woody structure geometry of each plant was measured with an electromagnetic
3D digitizer (Polhemus, Inc., Winooski; http://www.polhemus.com) in a similar way as
presented by Sinoquet and Rivet (Sinoquet and Rivet, 1997) The plant sampling
systematically included the 3D coordinates at the origin and the extremity of each axis. The
shortest internodes, denoting the growth rest during the dry season, were also digitized.
Additional points were sampled to render the geometry of curved or kneed axes.
Concomitantly, the plant structure was described and coded in a “Multiscale Tree Graph” file
(Godin and Caraglio, 1998) which indicates the relative position of internodes and leaves
within the plant topology. Later on, the plant topology was used for interpolating the position
of nodes that were not digitized to finally output 3D virtual plants at the detail level of
individual organs (Figure 1a). Leaves were individually positioned on nodes and were
affected a specific leaf area in function of their altitude within the canopy.
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Micrometeorological calculations

The principle for simulating light interception and subsequent irradiance of leaves is based on
image calculations from 46 points of view as described in Dauzat et al. (2001). For these
simulations it was supposed that the reconstructed portions of rows described in each
treatment (Figure 2) constituted an elementary pattern of the corresponding plot (Figure 1Db).
Leaves irradiance were calculated in the Photosynthetically Active and near-infrared ranges
(PAR and NIR) at 15mn time steps. Given these irradiances, the temperature of each leaf was
calculated by solving its energy balance as detailed in Dauzat et al. (2001).

Simulations were performed using micrometeorological data collected during the rainy
season. In some runs, conditions of completely clear sky were simulated by fixing solar
radiation (Rs) at its maximum, i.e. to 75% of extra-terrestrial radiation (Ra).

Calculation of photosynthesis

Photosynthesis was calculated with the Farquhar et al. model (1980). The effect of
photoinhibition was accounted according to the Ogren and Sjostrom’s model (1990) and the
stomatal conductance was modelled following Ball et al. (1987) and Leuning (1995). All
models were parameterized for the different treatments by Franck et al. (2006).

RESULTS
Comparison of full sun and shaded canopies

Virtual reconstructed canopies were used to infer biometric data such as LAI. Compared to
the shaded canopy, the full sun canopy exhibited much lower LAI at the end of the rainy
season (2.07 against 5.71) despite their trunk and branch areas were similar (Figure 3a-b). The
shaded treatment exhibited larger and thinner leaves distributed mainly in the upper and
middle part of the canopy whereas the full sun canopy exhibited an obvious defoliation at mid
height, i.e. on fruit bearing branches.
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Figure 2. Virtual coffee rows reconstructed from digitizing (up: full sun Glg. down:
shaded Glsp) and simulated shade tree.
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The average interception rate of incident radiation during the fruit growing season was 70.11
% for Gligo and 93.72 % for Glso. Trunks and branches accounted for 20.63 % of total
interception for Glygo and 5.12 % for Glsg. Most of the incident light was intercepted by the
upper half of the Glso canopy whereas the interception is more evenly distributed for the Glygo
canopy (Figure 3c-d).
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Figure 3. a-b: Profiles of Stem (=) and Leaf Area Indices (-) for Glio0 and Gls
respectively and b-c: corresponding rates of light interception. Note: Stem area was
divided by 1 in order to express SAl in terms of intercepting area.

Photosynthesis was calculated over the whole period of fruit growing at a time step of 15mn.
Despite it received 45% of full radiation, the shaded canopy fixed about the same quantity of
carbon (0.45 mol C m™2 d™') that the full sun canopy (0.47 mol C m™2 d™%). The
photoinhibition was responsible of a 3.5% reduction of assimilation for the full sun canopy
and had negligible effect on the shaded canopy.
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Figure 4. Canopy net assimilation per plot square meter vs. incident PPFD (PAR Photon
Flux Density) during the rainy season. Left: GI1100 in full irradiance, right: G150 with
55% shading. Each point represents 15mn integration at one time of the day. Lines
represent fittings with a monomolecular equation.
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Analysis of canopy assimilation vs. micrometeorological conditions

The sub-hourly canopy assimilation depends mainly on incident PAR (Figure 4) and can be
fitted satisfactorily with a monomolecular equation: An = a + b (1-e ¢"*%). The daily canopy
assimilation is roughly a linear function of incident solar radiation (Figure 5). The residuals
from this linear relationship mainly result from effects of (i) the maximal air temperature and
(i) the temporal variability of incident radiation: the more even the radiation over the day, the
better the light use efficiency.
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Figure 5. Linear model of daily canopy An vs. Rs for the full sun canopy and analysis of
residuals vs. the Rs variance and the air temperature.

When submitted to maximal solar radiation (Rs/Ra = 0.75) and under average air temperature,
the Glso assimilation largely overpass the Gligo assimilation because of its much higher LAI.
In such conditions, photoinhibition is responsible for a 10.2% An reduction for Glig and a
4.2% reduction for Glso. Decreasing the air temperature by 5°C increased notably canopy An
whereas increasing it by 5°C drastically decreased An (Figure 6).
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Figure 6. Canopy net assimilation when submitted to maximal solar radiation
(Rs/Ra = 0.75) with the average air temperature measured at Orosi (thick lines), with air
temperature decreased by 5 °C (upper curves) or increased by 5 °C (lower curves). Solid
lines represent Ancan without photoinhibition and dashed lines when accounting for
photoinhibition.
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Application to an agroforestry system

The effect of tree shading was simulated by adding in the Glsp plot ellipsoidal trees at a
density of 208 trees ha™. The light transmission rate under trees ranged from 27% (in early
morning and late afternoon) up to 67% (around noon), with a daily average transmission of
45%. Assuming leaves are acclimated to their light regime, tree shade would reduce Anca, by
23.5% on average.

Compared to an artificial shading of the same intensity, the tree shading is characterized by its
variability over time and its spatial heterogeneity. Because Ang,, is not a linear function of
light, coffee photosynthesis is therefore 4.4% lower under tree shade than under artificial
shade on average (Figure 7).
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Figure 7. Daily course of canopy assimilation for canopy under artificial shade (AS) and
under tree shade (TS) for a same daily shading rate of 45%.

DISCUSSIONS

The main feature of the present model is the use of 3D representations of canopies at the scale
of individual organs which allows simulating photosynthesis of individual leaves with
accounting of their own environment. Processes such as photoinhibition, stomatal
conductance and thermal balance of leaves can then be simulated with minimal assumptions.

Not surprisingly, the coffee canopy photosynthesis is highly correlated to incident PAR. It
was shown that the photoinhibition effect is of little impact on coffee photosynthesis during
the rainy season because of low solar radiation on average: 3.5% reduction in full sun and
0.9% under shade. However, in conditions of maximal radiation as during the dry season, the
photoinhibition can reduce the canopy assimilation by a factor of 9% in full sun and 4% under
shade.

Because tree shading is variable over time and space, its reduction effect on An is stronger
than the sole effect of reducing incident light. A strong negative effect of air temperature on
canopy An was put in evidence. In this respect, the tree shading can be beneficial (i) by
lowering the air temperature by 1 or 2 degrees and (ii) by limiting the leaves heating
submitted to high irradiances. Such effects, that were not simulated here, would be
particularly beneficial in hot lowland areas.

Another major result is that plant defoliation drastically reduces canopy photosynthesis: with
a LAI value of 5.71, a canopy receiving 45% of full radiation may assimilate carbon as
efficiently as a canopy that has a LAI of 2.07 in full sun. Excessive fruit loads are responsible
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of defoliation and branch die-back (Vaast et al., 2002). This has two detrimental effects on the
subsequent production because (i) lowered LAI means less potential An and (ii) reduced
vegetative growth means less new internodes able to bear fruits the next year. High nitrogen
fertilizations are generally applied to boost vegetative growth in order to counteract
defoliation effects but such practice leads to alternate productions. Though, because canopy
An is less than proportional to LAI, the guiding rule should be to maintain an average LAI
able to sustain an average production.

Given its high LAI, the shaded canopy performs canopy photosynthesis comparable to the one
of the full sun canopy and would therefore be able to sustain a much higher production than
its actual production. This would necessitate to enhance floral initiation which is naturally
decrease by shading. Traditionally, a drastic pruning of shade trees like Erythrina was
effective for this purpose. In modern agroforestry systems using timber trees, pruning can not
be so drastic and the choice may be oriented to species loosing their leaves during the dry
season.
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gestion de I’azote en particulier la fertilisation et la gestion de I’ombrage afin d’optimiser la
production du caféier tout en réduisant les impacts environnementaux négatifs comme la
pollution nitrique des eaux. Les conditions climatiques pluvieuses et la perméabilité élevée
des sols au Costa Rica favorisent un drainage important s’accompagnant d’un fort potentiel de
lixiviation des cations et des anions du sol. Nos études ont montré que les sols ont des
comportements variables du point de vue de I’adsorption des anions en particulier des nitrates
(NO3") : les Acrisols (Ultisols, classification USDA) de la zone Sud du Costa Rica présentent
dans le sous-sol des charges positives qui retiennent les NO3™ et limitent fortement les pertes
par lixiviation. Les Andisols de la Vallée Centrale, formés sur cendres volcaniques ne
présentent pas un phénoméne de rétention de NOsz avec une telle amplitude, et par
conséquent, les nitrates présents dans ces sols peuvent étre lixiviés rapidement. Les essais de
fertilisation ont montré que I’augmentation de la dose annuelle d’engrais au-dela de 150 kg N
ha™ a peu d’effet sur la production du caféier & long terme mais présente un fort potentiel de
pollution nitrique. En conditions favorables pour la production de café en plein soleil,
I’introduction d’arbres d’ombrage (Eucalyptus deglupta ou Inga densiflora) dans la plantation
de caféiers hautement fertilisée, a eu pour effets (1) d’augmenter I’accumulation d’azote dans
la litiére et la biomasse permanente, (2) de réduire Iégérement le drainage, mais aussi (3) de
réduire la production de café de 25 & 33%. Une expérimentation utilisant I’engrais marqué °N
dans une plantation hautement fertilisée (250 kg N ha™ y™) a montré une faible utilisation de
I’engrais de I’année par le caféier et I’arbre d’ombrage (= 24% de I’apport), méme en année
de forte production de café. Ces résultats montrent globalement que dans les systemes
fertilisés, il est nécessaire d’adapter les apports d’engrais au phénomeéne d’alternance des
récoltes du café et de réduire les apports sous ombrage pour limiter les pertes de nitrates par
drainage profond. Dans les systémes biologiques conduits sans apport d’azote minéral, mais
avec apport de drupes de café a raison de 150 kg N ha™ an™*, I’'ombrage d’Erythrina
poeppigiana élagué deux fois par an a permis une production acceptable de café tout en
divisant par trois les quantités de N lixivié par rapport au systeme agroforestier hautement
fertilisé précédemment décrit.

INTRODUCTION

In the last decades, intensively managed coffee (Coffea arabica) systems have been
developed in Central America, particularly in Costa Rica where old coffee varieties, grown
under a variety of shade trees, were replaced by more productive varieties (e.g., Caturra,
Catuai) planted under heavily pruned leguminous trees (e.g. Erythrina poeppigiana) or in
unshaded monocultures (Babbar and Zak, 1995). These heavily fertilized coffee plantations
(annual fertilizer input of about 250 kg N ha™) grown on permeable soils under high rainfall
intensities have been presented as a suspected cause of nitrate (NO3’) contamination of
groundwater (Reynolds-Vargas and Richter, 1995). N fertilization is a key factor for coffee
growth and production but the efficiency of N fertilization is apparently low in these coffee
systems. Using *°N labeled fertilizer, Salas et al. (2002) estimated that only 30 to 40% of the
applied N was absorbed by the coffee plants. Fertilizer N not used by the crop or soil
microbes may be leached as NO;™ into groundwater, therefore improving the fertilizer
efficiency may reduce NO3™ leaching.

In recent years, fast growing timber trees like Eucalyptus deglupta Blume have been planted
in unshaded coffee in Costa Rica or have replaced the conventional leguminous shade trees in
order to reduce labour cost (legume tree pruning) and to diversify income. In these systems,
coffee is still being grown with a high fertilization, typically from 150 to 250 kg N ha™ y™.
Meanwhile, organic coffee production which began to extend in the mid-90’s, is currently
developed at a very low scale in Costa Rica (~1% of the coffee area under certified organic
production in 2005). In this country, many of the alternative technologies for organic
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production are based on the regular application of composted organic matter (mainly outside
nutrients), “natural” methods of disease and pest control and the use of leguminous shade tree
such as Erythrina poeppigiana. In these systems, farmers have also continued to look for
economic diversification of the tree component with non leguminous and fruit trees.

The inclusion of fast growing timber trees in coffee agroforestry systems may limit nutrient
leaching by interception (increased root length density in top soil), by taking up nutrients
from deeper soil horizons and by accumulating nutrients in biomass, litter and topsoil.
Nevertheless, the timber trees may compete significantly with coffee for light, water and soil
nutrients and reduce coffee production (Beer et al., 1997), whereas legume shade trees can
contribute to improve coffee N availability through N fixation and N recycling.

This report presents some results from experiments undertaken during the last five years in
Coffea arabica systems in Costa Rica on the effects of site conditions, fertilization and shade
tree species (timber or legume tree) on N fluxes, especially N accumulation in permanent
biomass, N export in coffee berries harvest and NO3™ leaching.

MATERIAL AND METHODS

Over a four year period (2002-2005), in situ measurements of key components of the N cycle
of different target coffee agroforestry systems were conducted at a patch scale. In each study,
a full sun coffee plot with the same date of establishment and similar agricultural management
as the shaded plot was used as a control. Studies focused on inputs (N Fertilizer), soil N
mineralization, N accumulation in biomass (including N, fixation by the legume shade tree)
and soil (NOgs™ retention), and N outputs (coffee berry harvest, NOs~ leaching, mineral N loss
in runoff and nitrous oxide emissions).

This report mainly presents results on N accumulation in permanent biomass, N export in
coffee berries harvest and N loss through NO3™ leaching.

The first agroforestry system studied was a heavily fertilized coffee plantation receiving 180
kg N ha™ y* as ammonium-nitrate and shaded by Eucalyptus deglupta of 7 year old and
planted at a density of 110 trees ha™. This system was located on a farm (Verde Vigor SA) in
the low wet pacific southern zone of Costa Rica (altitude of 600 m, mean annual temperature
of 23 °C and average annual rainfall of 2700 mm). The soil is a fine textured Acrisol (Ultisol)
derived from sedimentary rocks rich in mafic materials.

Other studied agroforestry systems were located on the experimental station of ICAFE
(Coffee Institute of Costa Rica) in Barva de Heredia in the Central Valley, a wet medium
altitude zone of Costa Rica (altitude of 1180 m, mean annual temperature < 22 °C and
average annual rainfall of 2500 mm). The soil is a fine textured Andisol derived from
volcanic ash. One system was a highly fertilized coffee plantation (5000 plants ha™) receiving
250 kg N ha™ y™ (2 x 90 kg N as urea and 70 kg N as ammonium-nitrate) and shaded by Inga
densiflora of 7 year old and planted at a density of 278 trees ha™*. The other system was a
coffee plantation shaded by a leguminous tree species, Erythrina poeppigiana (420 trees
ha™'). This 6 year old plantation received N inputs via coffee pulp at a rate of 150 kg N ha™
yr but did not receive any chemical N fertilizer.

In Barva de Heredia, two other independent studies were conducted in full sun coffee
plantations: (1) N accumulation in coffee biomass was monitored over a two year period in a
coffee plantation (6500 plants ha) established in 1996, pollarded in 2001 and receiving 250
kg ha™ yr as N fertilizer. In 2003-2004, 12 pre-selected plants were excavated every two
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months, and sorted into stem, branches, leaves and fruits for biomass and N content
evaluation: (2) a fertilization experiment was established in 1999. The trial was a block design
of 4 blocks, containing 4 rates of fertilizer application of NH4-NOs in granular form (150,
250, 350 and 0 kg N ha™ yr™*). Annual N export in coffee berries was measured between 2001
and 2005 and NOj" leaching was measured in 2003.

RESULTS AND DISCUSSION
Influence of soil characteristics on NO3™ leaching

The studies showed that Central American soils where coffee is grown, exhibited high
permeability allowing large water drainage (1000 to 1500 mm) (Imbach et al., 1989; Harmand
et al., submitted), but different adsorption patterns resulting in different NO3;~ dynamics.
Acrisols from the southern zone of Costa Rica presented a dominance of positive charges in
the subsoil, below 80 cm depth which were responsible for strong NO3™ retention, and hence
mitigating NO3~ leaching and water contamination (Avila et al., 2004). Under full sun coffee
and coffee shaded with Eucalyptus deglupta, concentration in leaching water strongly
decreased with increasing depth, coinciding with soil NO3;~ accumulation. Lysimeters located
at 0.6, 1.2 and 2 m below the soil surface, detected mean NO3;™-N concentrations of 13-16, 6-9
and 1-2 mg I, respectively. NOs™-N concentrations in soil solution at 2 m soil depth and in
spring water (1.8 mg I™*) at catchment level were similar and low. In 2002, nitrate lixiviation
estimated at 2m depth was about 27 and 15 kg N hain full sun and shaded coffee,
respectively. In the 2 m soil profile, the NO5;~ accumulation was about 600 kg NO3-N ha™
(Avila et al., 2004). Nevertheless the duration of the anion adsorption process in the subsoil,
which may be widespread in Central America Acrisols, is not presently known.

In the Central Valley of Costa Rica, Andisols derived from the weathering of volcanic ashes
did not show this mechanism at such a magnitude so that NO3™ can potentially be leached in
large amounts. For example, in highly fertilized full sun coffee (Coffea arabica) system and
coffee shaded with Inga densiflora (=250 kg N ha™ yr™), lysimeters located at 0.3, 0.6 and
2 m below the soil surface, detected mean annual NO3™-N concentrations of 18, 17 and 12-
16 mg I, respectively despite high NOs~ leaching estimated at 35 to 65% of the annual N
fertilizer input.

N accumulation and fertilization experiments in full sun coffee plantations

200
N content —e— Fruits --=¢- Branches
(kg ha™) & Leaves —= —Stem
150 -
1001 pogg AT
Year 2003
50 &
o =TT T .

194 18/6 17/8 16/10 15112 13/2 134 12/6 11/8 1010
Date

Figure 1. N dynamics in different components of a full sun coffee plantation, Barva de
Heredia, Costa Rica.
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On Figure 1 showing N dynamics in the different components of the coffee plants, the
alternate production pattern of coffee trees appears with a year (2003) of low coffee
production (1.6 t dry matter berries) followed by a year (2004) with high coffee production (8
t dry matter berries). From these data, N exportation in coffee berries was estimated in 2003
and 2004 at 28 and 140 kg ha™ yr, respectively, while annual N accumulation in the total
aerial biomass was estimated in 2003 and 2004 at 95 and 230 kg ha™ yr™, respectively. N
allocation to the coffee berries accounted for 29 and 63% of total N accumulation in year of
low and high production, respectively, showing that coffee fruits were the most important
sink for N, especially for years of high production.

N export @ 0 kg yr-1 m 150 kg yr-1
128 (kg ha‘1) O 250_kg yr-1 350 kg yr-1
140 1 =
120 1
100 |
80 -
60 -
40
20 -
O T T T T T ’_i_h T T
1999 2000 2001 2002 2003 2004 | Annual
Year mean

Figure 2. N export in harvest of coffee berries for different levels of N fertilizer input (O,
150, 250, 350 kg N ha™), Barva de Heredia, Costa Rica.

Results from the fertilization experiment showed that there was a linear relationship between
N applied and coffee production every two years (Figure 2). Despite a high level of N
mineralization and nitrification (more than 200 kg ha™ yr* at this site, data not shown),
coffee production in full sun conditions without any fertilizer input was low and there is a
clear response of coffee production to fertilizer input. Nevertheless, over a 6 year period,
increasing the N fertilizer level from 150 to 350 kg N ha™ yr™ resulted in a low additional
coffee production (+0.9 t dry matter ha™* yr*), and hence a low additional N exportation by
coffee berries (+35 kg N ha™ yr) and a high potential of NO3~ water contamination.
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Figure 3. Mean annual NO3-N concentrations in leaching water at 60 cm and 120 cm
depth under full sun coffee for different levels of N fertilizer input (0, 150, 250, 350 kg N
ha™), Barva de Heredia, Costa Rica.

As shown on Figure 3, there was in 2003 a positive relationship between N applied and the
mean NO3™ concentration in leaching water. For N fertilizer levels larger than 150 kg N ha™
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yr, these NO;~ concentrations were higher than 10 mg NOs-N L™ considered as a health
hazard according the World Health Organisation. By increasing N fertilization from 150 to
350 kg N ha™ yr™, NO3~ leaching increased from 60 to more than 160 kg N ha™ yr™. These
results highlight the need to adapt N fertilization to the current annual production taking into
account the alternate bearing pattern in order to better match plant needs and reduce NO3~
leaching. Increasing the N fertilizer level above 150 kg N ha™ yr does not seem to provide
significant additional coffee production in the long term but has high potential for NO3;~ water
contamination.

N cycling in a highly fertilized coffee -Inga densiflora system in Costa Rica

In 2004, one experiment using *°N labelled fertilizer was carried out in the coffee-Inga
densiflora plot receiving 250 kg N ha™ y™* in order to evaluate the fate of N fertilizer
(Cannavo et al., submitted). Results showed that only = 24% of the annual fertilizer input
contributed to vegetative growth and coffee production. In these site conditions (intense
rainfall combined with highly permeable soil and low anion exchange capacity), the main flux
is the loss of NO3™ in leaching water (Table 1). The inclusion of shade trees increased N
accumulation in litter and permanent biomass and slightly reduced water drainage, but also
reduced coffee production. For years of low coffee production (e.g. 2003), the larger N
accumulation in biomass in shaded coffee was associated with lower NOs~ leaching under
shade than in full sun coffee. Nevertheless, for years of high coffee production (e.g. 2004) and
hence high N exportation by coffee berries in full sun, the lower coffee production under
shade was associated with a greater amount of NO3™ leaching (Table 1). These experiments
showed a low efficiency of N fertilizer use by both coffee and trees, highlighting the need to
reduce N fertilization input in shaded coffee systems intensively managed in order to reduce
NO;3" leaching.

Table 1. Annual N fluxes (kg N ha™) in full sun and shaded coffee (Inga densiflora)
systems in Costa Rica.

N Flux Full sun coffee Coffee - Inga densiflora
Fertilizer input 250 250
N accumulation in biomass and litter 46 115
N losses (Year 2003)
- N export in coffee beans harvest 38 43
- Nitrate N leaching at 2m depth 120 95
N losses (Year 2004)
- N export in coffee beans harvest 143 95
- Nitrate N leaching at 2m depth 74 90-130

N cycling in an “organically” managed Coffea arabica — Erythrina poeppigiana system in
Costa Rica

Without any chemical N fertilizer input, coffee production was very low in full sun conditions
(0.75 t berries ha™ yr* during 3 years) but acceptable and sustainable under the shade legume
tree (more than 3 t berries ha™ yr™* for the same period). This was the result of (1) the
beneficial effect of shade and (2) higher N availability in the system resulting from N,
fixation by the associate legume tree species and high rates of N recycling. The rates of N
recycling through tree pruning residues, roots and litter were much larger in the shaded
system than in full sun: 350 and 40 kg N ha™ yr™, respectively. To conclude, incorporating a
legume tree stratum into an organic coffee system strongly increased the speed and volume of
the N cycle, resulting in a greater coffee yield response and a slight increase of NO3™ leaching
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(Table 2). Compared to the highly fertilized agroforestry system previously described, NO3~
leaching in this organically managed agroforestry system was reduced by 3 times.

Table 2. Annual N fluxes (kg N ha™) in full sun and Erythrina poeppigiana coffee systems
in Costa Rica (Year 2004).

N flux Full sun coffee | Coffee - Erythrina poeppigiana
Organic fertilizer input 150 150
N accumulation in biomass and litter 23 80
N losses

- N export in coffee beans harvest 15 62

- Nitrate-N leaching at 1.2 m depth 31 46
CONCLUSION

These results highlight the need to adapt N fertilization to the current annual production
taking into account the alternate bearing pattern of coffee plants in order to better match plant
needs and reduce NOs™ leaching. Increasing the N fertilizer level above 150 kg N ha™ yr™*
does not seem to provide significant additional coffee production in the long term but has
high potential for NO3;~ water contamination.

The inclusion of shade trees in coffee plantations intensively managed requires reducing N
fertilization input in order to reduce NOjs leaching. Organically managed agroforestry
systems were much more nutrient conservative than conventional fertilized coffee systems
and less environmentally damaging. Furthermore, incorporating a legume tree stratum into an
organic coffee system appeared necessary to obtain an acceptable coffee production without
significant increased NO3™ leaching.

Additional research must be done to identify what efficiencies can be gained from integrating
external inputs and tree strata management to increase the speed and volume of nutrient
cycles without enhanced nutrient leaching.
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quantitative changes in lipid (e.g., in lipid classes and fatty acid saturation level) and protein
membrane composition, altogether contributing to keep metabolic pathways regulation
(Campos et al., 2003; DaMatta et al., 1997, Ramalho et al., 2003).

In order to evaluate the cold acclimation ability within the Coffea genus, our group is carrying
a set of multidisciplinary studies aiming the characterization of the cold and drought tolerance
mechanisms, mainly focused in the analysis of oxidative stress impact on the photosynthetic
metabolism. With this integrated approach it is expected to screen genotypes that can be
adequately used for cultivation in areas prone to low temperature occurrence and for breeding
programs.

MATERIAL AND METHODS
Plant Material and Growth Conditions

The experiments were carried out as previously described (Campos et al., 2003) with minor
modifications, using 1.5 years old plants from the genotypes Coffea arabica cv. Catuai (IAC
81), Icatu (IAC 2944 — C. canephora x C. arabica), which are important coffee producers, C.
canephora cv. Apoata (IAC 2258) and C. dewevrei, which are used in breeding programs.
The plants were placed in a growth chamber (700EDTU, ARALAB, Portugal) and subjected
successively to 1) a gradual temperature decrease (0.5 °C/day) from 25/20 °C to 13/8 °C
(day/night), over 24 days, 2) a 3 day chilling cycle (13/4 °C), where the plants were subjected
to

4 °C during the night and in the first 4 h of the following morning (thus, concomitantly with
light), followed by a rise to 13 °C applied throughout the rest of the diurnal period, 3) a
rewarming period of 6 days at 25/20 °C, in order to allow recovery. Photoperiod was set to 12
h, RH to 65-70% and PPFD to ca. 750 umol m™ s™. Determinations were made in the 2 top
pairs of mature leaves in 6-8 plants per cultivar.

Assimilation Rates

Determinations followed (21), with minor changes. The net photosynthetic rate, P,, was
measured under photosynthetic steady-state conditions at ca. 380 ppm of CO,, using a
CO,/H,0 porometer (CIRAS I, PP Systems, UK).

Measurements of the photosynthetic capacity, Amax, Were performed in 2 cm? leaf discs, under
light (PPFD 800 pmol m™ s™) and CO; (ca. 7%) saturating conditions, at 25 °C, in a Clark-
type leaf-disc O; electrode (LD2/2, Hansatech, Kings Lynn, UK).

Chlorophyll Fluorescence Parameters and Thylakoid Electron Transport Rates

Chlorophyll fluorescence parameters were measured using a PAM 2000 system (H. Walz,
Effeltrich, Germany) on leaf discs placed inside the LD2/2 O, electrode, under CO, saturating
conditions, at 25 °C. The estimation of quantum yield of photosynthetic non-cyclic electron
transport, ¢, and the PSII efficiency of energy conversion, F,’/Fn", were determined under
photosynthetic steady-state conditions (PPFD 400 pmol m™2s™).

Furthermore, the electron transport rates associated to PSII (with participation of Oxygen

Evolving Complex — OEC) and to PSI were measured in sub-chloroplast fractions, using an
O, electrode (LW2, Hansatech), as described in (Ramalho et al., 1999).
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Reactive Oxygen Species Production

Hydrogen peroxyde (H,O,) determinations were carried out as described in (Sergiev et al.,
2001), using 750 mg leaf material. Spectrophotometric measurements were made at AbSzgonm
and for H,O, quantification a standard curve with known H,O, concentrations was used.

Hydroxyl radical (OH ) determinations followed (Babbs and Gale, 1987), using 2 g leaf
material. Spectrophotometric measurements were made at AbSszonm and for OH
quantification an extinction coefficient of 11000 M cm™ was used.

Antioxidants

Pigment analysis was performed in leaf material (2 cm?) as in (Ramalho et al., 1997), using a
reversed-phase HPLC (with an end-capped, Cig, 5 um Spherisorb ODS-2 column, 250 x 4.6
mm). For identification and quantification of each pigment were used known standards.

Ascorbate evaluation was performed as in (Romero-Rodrigues et al., 1992), with a reversed-
phase HPLC similar to that of pigment analysis, but using H,O at pH 2.2 for elution.
Identification and quantification was performed using ascorbate as standard.

Respiratory Enzymes Activity

Activities of pyruvate kinase (PK, EC 2.7.1.40) and malate dehydrogenase (MDH, EC
1.1.1.37) were measured spectrophotometrically, following NADH oxidation at 340 nm for 5
min, as described in (Juszczuk and Rychter, 2002) for PK, and by (L6pez-Millan et al., 2000)
for MDH.

Gene Expression Studies

1) cDNA clones corresponding to cagrl (glutathione reductase fragment), carca (rubisco
activase) and capsaB (PSI subunit) genes were isolated from subtractive cDNA libraries
obtained from coffee leaves (Fernandez et al., 2004). Based on the cDNA sequences, specific
primers were designed (data not shown) in order to perform the mRNA expression studies by
semi-quantitative RT-PCR as described in (Chen et al., 2005).

Statistical Analysis

A two-way ANOVA (significance level of P < 0.05) was used to evaluate differences between
the temperatures and between the species, followed by a Tukey test for mean comparison
(95% confidence level).

RESULTS AND DISCUSSION

Assimilation Rates

Effects on the photosynthetic machinery can be observed through P,, which showed strong
impacts in all genotypes with the gradual temperature decrease (Figure 1).

At 13/8 °C Catuai and Icatu still have P, values close to 50% of control, but under chilling
and in the first 24 h after that they presented negligible values, even lower than those of
Apoatd and C. dewevrei (that were affected firstly, at higher temperatures). The faster
recovery was observed in Icatu, while C. dewevrei was not able to recover 7 days after the
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chilling exposure. Such negative impact is consistent to the known cold sensitivity of coffee
plants (Baueret al., 1985; DaMatta and Ramalho, 2006; Ramalho et al., 2003), but it would
arise from different contributions of stomatal and mesophyll impairments among genotypes.
In fact, the photosynthetic machinery of Icatu was not deeply affected, since the higher Amax
reduction occurred at 13/8 °C (13%). Also, after chilling a non-significant 7% decrease was
observed (Figure 1), while the other genotypes suffered reductions of ca. 60% (C. dewevrei),
45% (Apoatd) and 30% (Catuai), reflecting different mesophyll impacts and, thus, cold
sensitivities, as previously reported (Campos et al., 2003; Ramalho et al., 2003).
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Figure 1. Variation in percentage of the estimation of the net photosynthetic rate, P,
and the photosynthetic capacity, Amax, @s compared to their respective control value in
pumol m™2 s™. Each value represents the mean +SE (n = 8). Control values (25/20 °C)
vary between 3.2-3.7 for P, and 9.9-14.2 for Amax.

Chlorophyll Fluorescence Parameters and Thylakoid Electron Transport Rates

Amongst others, such mesophyll effects may result from different impacts on the PSII
photochemical efficiency and electron transport. Strong changes were detected after chilling
exposure, with Icatu showing the smallest decreases on F,’/Fr,’ (40%) and ¢. (45%), as well
as in the electron transport rate associated to PSI (13%) and the highest rise in that associated
to PSII (250%) (Figures 2 and 3).
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Figure 2. Variation in percentage of the estimation of quantum yield of photosynthetic
non-cyclic electron transport, @., and the PSII efficiency of energy conversion, F,"/Fp’,
as compared to their respective control values. Each value represents the mean +SE (n =
6). Control values (25/20°C) vary between 0.21-0.31 for @. and 0.43-0.48 for F,'/Fp, .

In the case of F,’/Fn,’, some of the decrease could be attributable to the presence of
photoprotective (dissipative) pigments (see Table 1), thus, reflecting the presence of
protective mechanisms instead of damage. Furthermore, to the lower impacts, Icatu usually
showed also the higher absolute values of photochemical activity. Contrasting to the
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sensitivity of in vivo rubisco activity (Ramalho et al., 2003), thylakoid electron transport
showed to be quite robust, especially at PSII level where the increased rates suggest the
presence of a photoprotective cycle around PSII (except for Apoatd). It is also noteworthy the
stronger impact in the electron transport involving PSI when compared to that of PSII. That
agrees with several works reporting that PSI is particularly sensitive to cold in tropical plants
(Kudoh and Sonoike, 2002; Sonoike, 1999) and with the results obtained in Catuai submitted
to photoinhibitory conditions (Ramalho et al., 1999). Thus, the evaluation of the presence of
such sensitivity might be used for cold (or perhaps, to oxidative stress) tolerance selection in
coffee plants, since Icatu is indeed the less affected genotype.
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Figure 3. Variation in percentage of the thylakoid electron transport rates associated to
PSII (with participation of OEC) and PSI, as compared to their respective control value
in pmolO; m™? s™!. Each value represents the mean +SE (n = 5). Control values
(25/20 °C) vary between 5-10 for PSII and 82-138 for PSI.

Reactive Oxygen Species and Antioxidants Production

Since under cold the photochemical use of energy absorbed by chlorophyll (chl) is greatly
diminished, photooxidative stress may occur due to an accumulation of excited molecules
(e.g., 3chl*, ‘chl, 0,) in the pigment bed. Also, the reduction of O,, mostly at PSI level,
would lead to the formation of ROS (O, , H20,, OH ) that may cause lipid peroxidation,
bleaching of pigments (e.g., in Pggo), protein degradation (e.g., D1), enzyme inactivation, etc.
(9, 18). In this way, the over-expression of antioxidative scavengers such as enzymes (e.g.,
SOD, APX), hydrophilic (e.g., ascorbate, glutathione) and lipophilic (e.g., zeaxanthin, -
carotene) antioxidants is decisive to cold tolerance (1, 9, 10). In Coffea sp. the control of
oxidative stress, considering both the production and scavenging of highly reactive molecules,
could have contributed to the observed differential impact. In fact, after chilling exposure
Icatu and C. dewevrei showed the lower production of H,O,, while Icatu and Catuai presented
the lower levels of OH (Figure 4). Furthermore, under recovering conditions only Icatu and
Catuai presented values below control conditions, while Apoatd and C. dewevrei reached
levels well above control.

The low levels of ROS in Icatu could be related to the consistent increase of Cu,Zn-SOD and
APX activities (involved in the removal of ROS), contrary to what happens in Apoatd and C.
dewevrei (data not shown). On the other hand, in Apoatd the production of OH could
provoke lipoperoxidation, contributing to the strong impairment of the electron transport rates
associated PSI (that reaches only 17% of the control), since PSI is known as a preferential
production site of superoxide radical, that could be transformed in H,O, and, after that, in
OH . Furthermore, the presence of other molecules that may dissipate energy as heat, such as
lutein, antheraxanthin and zeaxanthin, would reduce the energetic overcharge in the
photosystems, decreasing the probability of ROS production (Table 1).

1057



&
g

A Apoatd DCawsl OC.dewevrel Wicaty IADU&IS B Cawal OC.dewewel lfca!ul ]

w
8
e
S

g

% [OH] (WM g ow)
R~

% [H202] (umol g’ ow)
N
2

25020C 136°C IKINEC Rec 25(2°C 2502°C 138°C WINEC Rec 2520°C
Temperature (°C) Temperature (°C)

Figure 4. Variation in percentage of the production of some reactive oxygen species in
leaves in relation to their respective control value in pmol g™ DW (H;0.) and pM g™
DW (OH ). Each value represents the mean +SE (n = 5). Control values (25/20 °C) vary
between 8.7-18.4 for H,O, and 200-1350 for OH .

Again, after chilling exposure, Icatu presented the stronger reinforcement (and higher
absolute values) of the pigments that integrates the xanthophyll cycle (V+A+Z) and of lutein.
Moreover, the reinforcement of ascorbate content could help Icatu plants, since it intervenes
in the scavenging of H,O, (with APX) and in the transformation of violaxanthin to zeaxanthin.
However, that was not decisive, since Apoatd and Catuai presented also strong increases of
this molecule but showed higher cold impacts. Only the complementary reinforcement of
protective pigments, ascorbate and scavenging enzymes would explain the lower production
of ROS and the lower impact upon chilling in Icatu, including in membrane lipids (Campos et
al., 2003).

Table 1. Variation in percentage of some leaf antioxidants in relation to their respective
control value in mg g™ DW. Values represent the mean of 5 replicates (SE < 5% mean).
Each value represents the mean +SE (n = 5). Control values (25/20 °C) vary between
0.28-0.35 for V+A+Z (violaxanthin+antheraxanthin+zeaxanthin), 0.62-0.94 for Lutein,
1.59-2.10 for Total Carotenoids, 1.37-2.94 for Ascorbate.

Genotype Temperature (day/night)
25/20°C  18/13°C  13/4°C 3x13/4°C Rec 25/20°C
V+A+Z Apoata 100 b 105D 106 b 1150 158 a
Catuai 100 ¢ 110 be 117 be 1231 147 a
C. dewevrei 100 ¢ 1320 126 b 125D 152 a
Icatu 100 ¢ 110 be 122 b 154 a 161 a
Lutein Apoata 100 b 108D 122 ab 126 a 135 a
Catuai 100 b 104 b 109 b 124 a 130 a
C. dewevrei 100 b 104 b 116 ab 1121 120 a
Icatu 100 ¢ 1210 131 Db 161 a 147 ab
Tot Carot Apoata 100 a 84 b 94 ab 82 b 85 b
Catuai 100 a 110 a 109 a 98 a 112 a
C. dewevrei 100 b 121 ab 108 b 100 b 127 a
Icatu 100 b 102 ab 111 ab 115 a 104 ab
Ascorbate Apoata 100 cd 126 ¢ 223 a 1721 88 d
Catuai 100 ¢ - 168 ab 187 a 13701
C. dewevrei 100 a 88 ab 111 a 99 a 580
Icatu 100 ¢ 105 ¢ 101 ¢ 160 a 128 be

{(a,b,c)-comparison between temperatures within the same genotype.
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Respiratory Enzymes Activity

The maintenance of respiratory metabolism is also of great importance, since it allows the
production of energy, reducing power and metabolic intermediates that makes possible the
repair processes, which are increasingly important under stressful chilling conditions. In cold-
sensitive plants, respiration is strongly affected due to the inhibition of several enzymes,
which provokes an exponential decline of respiratory rates with decreasing temperatures
(Larcher, 1981). In this way, the study of the impact on key enzymes of the mitochondrial
respiration pathway could give important insights about cold sensitivity. The in vitro activity
of MDH (Figure 5) decreased under mild cold conditions (18/13 °C) except in C. dewevrei.
However, by the end of the acclimation period and after the chilling exposure, a general
tendency to recover was observed (except in Apoatd), with Icatu showing the highest increase
(46% higher than control) and absolute value. Under rewarming conditions MDH activity was
similar to that of the control except in Apoatd. C. dewevrei showed a slowly, but sustained,
increase since the beginning of temperature decrease. However, the values were usually the
lowest among the studied genotypes.

The in vitro activity of PK decreased also by the middle of the acclimation period (Figure 5).
Thereafter, some ability to recover was observed in all genotypes (except Apoatd), as judged
by the absence of significant differences after the chilling exposure. By this time Catuai and
Icatu showed the highest values of activity, reflecting a higher respiration potential. During
the recovery period PK activity did not present further changes.
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Figure 5. Impact of low temperature on PK and MDH activities, determined in control
(25/20 °C), middle (18/13 °C) and at the end of the acclimation period (13/8 °C), after 3
cycles of chilling (13/4 °C) and after 6 days of recovery (Rec 25/20 °C), in the studied
Coffea cvs. Each value represent the mean + SE (n = 4).

The results reflect some sensitivity of the respiratory metabolism (analysed through PK and
MDH activities) in Apoata and a higher tolerance in Icatu and Catuai. This would constitute a
key feature to overcome the stress effects, allowing the cells to obtain energy needed for
repair and/or synthesis processes. Furthermore, that is crucial for the maintenance of a
balance in sugar concentrations, a feature of utmost importance, since the restoration of the
balance between photosynthesis, carbon metabolism and translocation is essential for the
expression of a higher cold tolerance (Hurry et al., 2000; Leegood, 1995).

Gene Expression

The control of gene expression in response to cold exposure plays an important role in the
maintenance of an efficient cell functioning. Under such conditions, the differential
expression of chitinases, lipoxygenase and methalothionein genes has been triggered by cold
in coffee (Santos et al., 2005; Ramalho et al., unpublished data). The expression of a
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glutathione reductase fragment gene (cagrl) shows a stable (constitutive) expression in
Apoatd, while in Icatu transcriptional activity is somewhat enhanced upon chilling and
recovery (T3 and T4) (Figure 6). This is in accordance with the Icatu low levels of ROS
(Figure 4) and with previous results showing that this genotype is the only one with
simultaneous increases in Cu, Zn-SOD and APX activities (data not shown). That is likely to
reflect a combined increase of the enzymes involved in the protective ascorbate-glutathione
cycle and in the photoprotective pigments and ascorbate, all related to the absence of
membrane lipoperoxidation (Campos et al., 2003). C. dewevrei also shows expression
increases after chilling (T3 and T4). However, because of its known cold sensitivity we
hypothesise that the production of the protein could have been interrupted or that its action
alone was not decisive (since the ascorbate content and the activity of other enzymes from the
ascorbate-glutathione cycle did not increase), leading to an increased OH production (Figure
4), what might explain the rise in membrane lipoperoxidation (Campos et al., 2003).

The expression of Rubisco activase, carca, was maintained at constitutive levels in all
genotypes, suggesting that the negative impact in the in vivo initial Rubisco activity (Ramalho
et al., 2003) is not linked to the loss of Rubisco activase, at least at the transcriptional phase.

Concerning the PSI subunit gene (capsaB), a cold related production of transcripts was
observed in the three studied genotypes, mostly in Icatu. That could be related to the need of
de novo synthesis due to cold impact on PSI functioning (Figure 3). In fact, Icatu showed the
higher expression increase associated to the lower impact in the electron transport rate at PSI.
Even so, an insufficient substitution of damaged PSI occurred and/or the damage rate is
higher than the repair one, taking into account that at low temperature protein synthesis will
be severely slowed down. That was particularly dramatic in Apoatad presenting a severe
decrease in the electron transport at PSI level.

Apoata C dewevrer Icatu

TO T1 T2 T3 T4 T0 T1 T2 T3 T4 T0 T1 T2 T3 T4

cagrl

carea

capsaB

Figure 6. Gene expression pattern of cagrl, carca and capsaB from leaves of Apoati, C.
dewevrei and Icatu by RT-PCR, under TO (25/20 °C), T1 (18/13 °C), T2 (13/8 °C), T3
(3x13/4 °C) and T4 (Rec.25/20 °C) conditions.

CONCLUSIONS

Despite the observation that Apoatd and C. dewevrei are firstly affected during the gradual
temperature decrease, a first glance analysis could give the idea that chilling strongly affects
assimilation similarly among genotypes. However, that reflects, mostly, a strong inhibition of
stomatal opening, since mesophyll impairments showed different sensitivities among Coffea
sp. genotypes, as assessed through, e.g., Amax, Fv'/Fm” and ¢, as well as through the impact on
the in vivo Rubisco activity (Ramalho et al., 2003). The latter does not seem attributable to the
shortage of rubisco activase. Icatu displayed a better tolerance to the imposed stress
conditions, usually showing lower impacts and prompt and total recoveries, while Apoaté
(and C. dewevrei) is more affected.
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The reinforced activity of the thylakoid PSII electron transport rates (except for Apoatd) at
PSII level might indicate the presence of a photoprotective cycle around PSII. On the other
hand, the stronger impact observed at PSI level, suggests that such cold sensitivity of PSI
could be linked to the production of superoxide radical that, ultimately, could be transformed
in OH , with severe lipoperoxidative implications. Again, Icatu showed the lower effects on
PSI activity, the higher presence of PSI (capsaB) transcripts and the stronger reinforcement in
the PSII activity, V+A+Z, lutein and ascorbate contents, as well as in glutathione reductase
(cagrl) gene expression (and Cu,Zn-SOD and APX activities). That points out for a higher
antioxidative potential, justifying the lower ROS (H,O, and OH ) detection and, thus, the
maintenance of a proper functioning of the photosynthetic (and respiratory) metabolism.

In conclusion, this multidisciplinary approach, using physiological, biochemical, biophysical
and molecular biology techniques, allowed the characterization of different cold tolerance
potential in the Coffea genus, showing that the tolerance of the photosynthetic apparatus is
related to the reinforcement of mechanisms that control oxidative stress, either by thermal
dissipation of energy or by the scavenging of ROS.

ACKNOWLEDGEMENTS

Thanks are due to Dr.s Joel Fahl, M. Luiza Carelli and Luiz C. Fazuoli (IAC) for access to
seed material, Tech. Eng. C. Santiago (EAN/INIAP), P.M. Alves, S. Emidio and C. Lopes for
technical help. The work was supported by Fundacéo para a Ciéncia e a Tecnologia, through
the project POCTI/AGG/43101/2001 (partially financed by the European Fund FEDER) and
by the grant SFRH/18361/2004, co-financed by the portuguese PIDDAC program and
European Social Fund, under the 3" framework program.

REFERENCES

Adams Il W.W., Barker D.H. (1998) Seasonal changes in xanthophyll cycle-dependent
energy dissipation in Yucca glauca Nuttall. Plant Cell Environ., 21: 501-511.

Babbs C.F., Gale M.J. (1987) Colorimetric assay for methanesulfonic acid in biological
samples. Anal. Biochem., 163: 67-73.

Bauer H., Wierer R., Hatheway W.H., Larcher W. (1985) Photosynthesis of Coffea arabica
after chilling. Physiol. Plant., 64: 449-454.

Campos P.S., Quartin V., Ramalho J.C., Nunes M.A. (2003) Electrolyte leakage and lipid
degradation account for cold sensitivity in leaves of Coffea sp. plants. J. Plant Physiol.,
160: 283-292.

Chen Z.J., Ribeiro A., Silva M.C., Santos P., Guerra-Guimardes L., Gouveia M.M.C.,
Fernandez D., Rodrigues Jr. C.J. (2003) Heat shock-induced susceptibility of green
coffee leaves and berries to Colletotrichum gloeosporioides and its association to PR-
and hsp70 gene expression. Physiol. Mol. Plant Pathol., 63: 181-190.

DaMatta F.M., Ramalho J.C. (2006) Impacts of drought and temperature stress on coffee
physiology and production: a review. Braz. J. Plant Physiol., 18(1): 55-81.

DaMatta F., Maestri M., Mosquim P.R., Barros R.S. (1997) Photosynthesis in coffee (Coffea
arabica and C. canephora) as affected by winter and summer conditions. Plant Sci.,
128: 43-50.

Fernandez D., Santos P., Agostini C., Bon M.C., Petitot A.S., Silva M.C., Guerra-Guimaraes
L., Ribeiro A., Nicole M. (2004) Identification of coffee (Coffea arabica) genes

1061



upregulated during the hypersensitive response to the rust pathogen (Hemileia
vastatrix), Mol. Plant Pathol., 5(6): 527-536.

Foyer C.H., Lelandais M., Kunert K.J. (1994) Photooxidative stress in plants. Physiol. Plant.,
92: 696-717.

Hallgreen J.-E., Oquist G. (1990) Adaptations to low temperatures. In: Alscher R.T.,
Cumming J.R. (Eds.) Stress Responses in Plants: Adaptation and Acclimation
Mechanisms. Plant Biology Series, VVol. 12. New York, Wiley-Liss Inc., p. 265-293.

Hurry V., Huner N., Selstam E., Gardestrom P., Oquist G. (2000) Photosynthesis at low
growth temperatures. In: Raghavendra A.S. (Ed.) Photosynthesis. A comprehensive
treatise. Cambridge, University Press, p. 238-249.

Kratsch H.A., Wise R.R. (2000) The ultrastructure of chilling stress. Plant Cell Environ., 23:
337-350.

Kudoh H., Sonoike K. (2002) Irreversible damage to photosystem | by chilling in the light:
cause of the degradation of chlorophyll after returning to normal growth temperature.
Planta, 215: 541-548.

Juszczuk 1.M., Rychter A.M. (2002) Pyruvate accumulation during phosphate deficiency
stress of bean roots. Plant Physiol. Biochem., 40: 783-788.

Larcher W (1981) Effects of low temperature stress and frost injury on plant productivity. In:
Johnson CB (Ed.), Physiological Processes Limiting Plant Productivity, London,
Butterworths, p. 253-269.

Leegood R.C. (1995) Effects of temperature on photosynthesis and photorespiration. In:
Smirnoff N. (Ed.) Environment and Plant Metabolism - Flexibility and Acclimation.
Oxford, Bios Scientific Publishers, p. 45-62.

Lopez-Millan A.F., Andaluz S., Gogorcena Y., Abadia A., De Las Rivas J., Abadia J. (2000)
Responses of Sugar Beet Roots to Iron Deficiency. Chances in Carbon Assimilation and
Oxygen Use. Plant Physiol., 124: 885-897.

Niyogi K.K. (1999) Photoprotection revisited: genetic and molecular approaches. Annu. Rev.
Plant Physiol. Plant Mol. Biol., 50: 333-359.

Ramalho J.C., Campos P.S., Quartin V.L., Silva M.J., Nunes M.A. (1999) High irradiance
impairments on photosynthetic electron transport, ribulose-1,5-bisphosphate carboxilase
/ oxygenase and N assimilation as a function of N availability in Coffea arabica L.
plants. J. Plant Physiol., 154: 319-326.

Ramalho J.C., Pons T.L., Groeneveld H.W., Nunes M.A. (1997) Photosynthetic responses of
Coffea arabica L. leaves to a short-term high light exposure in relation to N availability.
Physiol. Plant., 101: 229-239.

Ramalho J.C., Quartin V., Fahl J.1., Carelli M.L., Leitdo A.E., Nunes M.A. (2003) Cold
acclimation ability of photosynthesis among species of the tropical Coffea genus. Plant
Biol., 5: 631-641.

Romero-Rodrigues A., Oderiz L.A., Hernandez J.L., Gandara S. (1992) Comparaison de deux
méthodes de dosage par CLHP de I’acide ascorbique dans Carica pentagona. Sci.
Aliments, 12: 593-600.

Santos P., Machado E., Gouveia M., Lidon F.C.,Nunes M.A., Ramalho J.C., Ribeiro A.l.
(2005) Expression analysis of Chitinase coding genes in response to low non-freezing
temperatures. In Proc. of the X Congresso Brasileiro de Fisiologia Vegetal, XllI
Congresso Latino Americano de Fisiologia Vegetal, Recife, Pernambuco, Brazil,
September 11-16, CD, p. 5.

1062



Sergiev I., Mapelli S., Karanov E. (2001) The effects of drought and ultraviolet radiation on
growth and stress markers in pea and wheat. Plant Cell Environ., 24: 1337-44.

Sonoike K. (1999) The different roles of chilling temperatures in the photoinhibition of
photosystem | and photosystem Il. J. Photochem. Photobiol., B: Biol., 48: 136-141.

1063






transient method of the HPFM. Measurements were done while the whole-shoot was attached
and by consecutive removal of the shoot segments. On the main stem, hydraulic conductivity
was measured with the methods described by Sperry et al. (1988). For this, 30 cm long main
stem segment (conventional stumping height) was excised under water to prevent air from
entering into the xylem. The segment was connected to plastic tubing of the HPFM supplied
with degassed and deionized water at a pressure of 0.2 MPa. Root conductance was measured
by forcing distilled water into the base of the root system (opposite to the normal direction of
water flow during transpiration). The computer connected to the HPFM recorded values of the
parameters of the different parts of coffee trees. Analysis of variance (ANOVA) was
performed with the default SAS procedures. The means were compared using Tukey’s test at
5% probability level. Graphs of two-way interactions were made with SigmaPlot.

RESULTS

Wild coffee trees from the four wild Arabica coffee populations did not reveal significant
differences in whole-plant, root and shoot hydraulic conductance. Significant variations
(P < 0.01) were, however, detected in main stem hydraulic conductance and stem specific
hydraulic conductivity (Table 1). In addition, whole-plant conductance showed significant
variations (P < 0.05) within Harenna sites and between coffee trees at Berhane-Kontir and
Yayu. At Bonga, this was not altered due to sites and coffee trees. Hydraulic conductance in
the various parts of coffee plant did not alter within sites, except for the significant variations
(P < 0.05) in the hydraulic conductance of lateral branches and reduced stem length (30 cm
long). Accordingly, Harenna coffees exhibited significantly higher results in contrast to
Bonga and Yayu forest. And Berhane-Kontir had intermediate stem results (Table 2). In other
words, the magnitude of changes between whole-shoot and stem-cut conductance varied
among populations. Consequently, coffee trees from Harenna (41%) and Bonga (54%)
depicted high percent increments as compared to Berhane-Kontir (15%) and Yayu (18%)
forests. This was positively related to stem size and vegetative growth responses of coffee
trees under the heterogeneous forest environments.

At all sites, higher conductance was measured in whole-shoot than root part, though the
percent share varied among the coffee populations. As a consequence, the contribution of root
was high in Harenna (46%) and Bonga (44%) as compared to Berhane-Kontir (37%) and
Yayu (33%) (Figure 1). In addition, whole-plant hydraulic conductance showed increasing
patterns with the reduction of shoot components. The greatest increment over whole-shoot
conductance was recorded with leaf defoliation with the values ranging from 21 to 35% at
Harenna and Berhane-Kontir, respectively. This was in contrast to a slight reduction at Bonga
due to leaf defoliation. Moreover, consecutive removal of fruits and petioles was noticed to
enhance conductance with the least (5%) and maximum (16%) percent increments over the
whole-shoot conductance determined from tree at Yayu and Berhane-Kontir forests,
respectively (Figure 2). Coffee trees from Berhane-Kontir and Harenna forest stands revealed
high hydraulic conductance both in root and whole-shoot as compared to Bonga and Yayu
populations. The overall mean whole-plant hydraulic conductance was significantly
(P < 0.05) higher at Harenna and Berhane-Kontir as opposed to the lowest value for Bonga
forest. Hence, the results (Figure 3) followed the order of Harenna (2.69 x 10 kg s™ m™
Mpa™) > Berhane-Kontir (2.30 x 10* kg s* m™ Mpa™) > Yayu (1.36 x 10 kg s* m™
Mpa™) > Bonga (1.13 x 10*kg s m™ Mpa™).
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Table 1. ANOVA for hydraulic conductance in root and shoot component parts
of wild coffee trees (Nested design).

Source |Df |Root | Whole-shoot Leaf [Petiole/fruit Branch  [Stem-cut
Total 3

Pop 3 INs Ns Ns Ns Ns il

Site 8 |Ns Ns Ns Ns * *

Error 12

Table 2. Variations in hydraulic conductance (Knx10™ kg s™ m™ Mpa™) and stem
conductivity (knx 10™kg s*m™ Mpa™) of wild coffee trees at the four montane
rainforests Ethiopia. Data are means + SD.

Plant part Harenna Bonga B-Kontir Yayu Pr>F
Root system 1.76+0.65 0.62+0.05 1.57+0.73 0.78+0.28 Ns
Whole-shoot 2.21+£1.03 0.81+0.26 3.09£1.66 1.60+0.33 NS
Leaves 1.75+0.71 0.98+0.09 2.01+£1.57 1.09+0.20 NS
Fruits and petioles 1.59+0.51 0.85+0.31 1.59+0.86 1.01+0.21 NS
Branches 2.49+1.04 1.28+0.62 2.06+£0.57 1.30+0.34 NS
Stem cut (30-cm) 6.33+£1.22a 2.24+1.24b | 3.50£1.00ab | 2.40+0.39b | **
Stem conductivity 1.73+0.37a |0.90+0.38b | 1.16+0.34ab | 0.82+0.26b | **

Ns = Not significant; *significant at P < 0.05 and **significant at P < 0.01.
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Figure 1. Percent whole-plant hydraulic conductance in root and whole-shoot of coffee
trees of the four montane forests

The analysis of variance for hydraulic conductance of root and shoot components also
revealed insignificant variations within sites of each population (Table 2). However, relatively
high results of root, whole-shoot and leaf conductance were measured for the same sites of
each population. These included P1S2, P11S3, PI11S3 and PIVS2 when compared to the other
respective sites. This pattern was found to shift with the removal of fruits and leaf stalks,
maximum conductance measured at PIS3, PI1IS3, PI11S3 and PIVS2. At Yayu, whole-plant
conductance decreased from PIVS1 to PIVS3, which may be related to the reduced growth
performances of coffee trees with increased shade covers and plant density (Taye et al., 2004).
At Bonga, significant site variations were observed in hydraulic conductance due to removal
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of all plagiotropic branches and reduced main stem length. Thus, significantly lower values
were measured at PIIS1 as opposed to the value at P1IS3. Unlike the variations among
populations, within site differences in main stem specific hydraulic conductivity was
comparable and the results were in consistence with the stem conductance patterns at Harenna
and Bonga. Conversely, it was reduced at Berhane-Kontir (PI11S3) and increased at Yayu
(PIVS3) due mainly to the more and less favoured shoot growths at the two respective sites
(Figure 3). The results of main stem diameter and main stem hydraulic conductance showed
the same pattern for the wild coffee populations. Consequently, the results were higher for
Harenna followed by Berhane-Kontir coffee trees. These were least for Bonga and Yayu
coffees (Figure 4).
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Figure 2. Hydraulic conductance in segments of the wild coffee tree in the four montane
rainforests of Ethiopia.
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DISCUSSION

The difference in the intensity of light interception and photosynthetic rates could probably be
attributed to the variations in growth vigor, hydraulic architectural attributes and hence,
hydraulic characteristics of wild coffee trees in forest ecology. This is in line with the results
of the morphological diversity of the wild Arabica coffee populations (Taye et al., 2004). The
differences in water flow patterns within a relatively saturated main stem could suggest the
inherent growth variability and impacts of environmental factors, particularly between the
geographically distant natural forests. The enhanced water transport in stem segments at
Berhane-Kontir and Harenna sites could indicate the high water use rates, although low leaf
conductance can limit water use. The mechanism to explain this follows from Ohm’s law
analogue for water flow in plants (Tyree, 2003; Yang and Tyree, 1992).

At all the study sites, particularly at Harenna and Bonga the contribution of root conductance
to the whole-coffee tree was lower than that of whole-shoot conductance. Consequently, tree
hydraulic conductance on either leaf area or dry weight basis might follow the same trend as
elucidated by Tyree (2003). The capacity of stem water storage status could demonstrate that
the coffee trees might have experienced some degree of drought stress during the past
recurrent drought. Therefore, the hydraulic condition of forest grown coffee tree seems to be
influenced by multi-variables, which suggests further investigations. The present finding was
comparable to other reports on other tropical forest (Borchert, 1994; Lawton, 1984; Sobrado,
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2003). According to Lawton (1984), wood density values are the measures of mechanical
support and appear to be inversely related to the rates of growth and mortality. Wagner et al.
(1998) found that species with heavier mechanical stress have been associated with relatively
low stem specific hydraulic conductivity. In addition, the authors have reported twofold
higher values of leaf specific conductivity in pioneer compared to forest species. However,
Sobrado (2003) reported that specific hydraulic conductance was species-specific independent
of the differences in wood density.

CONCLUSIONS

Wild coffee trees of Harenna and Berhane-Kontir rainforests revealed high root and whole-
shoot hydraulic conductances as compared to Bonga and Yayu coffee trees. This indicates the
diversity in growth architecture, water use efficiency and thus, productivity could vary among
and within wild Arabica coffee populations. It can be therefore concluded that wild Arabica
coffee populations should be conserved and wisely utilized under their respective original
habitats of the montane rainforests of Ethiopia. However, additional investigations are
required, among others, on the contributions and influences of climatic variables (altitude,
soil, rainfall, temperature) on yield and quality traits of Arabica coffee gene pools in its center
of origin and diversity, Ethiopia.
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stored in soil and plant biomass of coffee AGF systems in Central America was developed
using published information and data collected in experiments and coffee farms.

MATERIAL AND METHODS

In a few targeted coffee systems, the quantification of aerial tree biomass was generally
undertaken developing allometric relationships between diameter at breast height: 1.30 m and
stem, branches, leaves or total tree biomass. Random samplings were used to evaluate the
biomass of leguminous service trees regularly pruned (Erythrina poeppigiana), coffee and
litter layer. Dry matter values were multiplied by a conversion factor of 0.48 to obtain C data.
For two targeted AGF systems, a full sun coffee plot with the same date of establishment and
similar agricultural management as the shaded plot was used as a control. The first studied
system was a heavily fertilized coffee plantation receiving 180 kg N ha™ y™* and shaded by
Eucalyptus deglupta of 7 year old and planted at a density of 110 trees ha* (De Miguel,
2004). This system was located on a farm (Verde Vigor SA) in the hot low pacific southern
zone of Costa Rica (altitude of 600 m, mean annual temperature > 23 °C and average annual
rainfall of 2700 mm). The soil was a fine textured Acrisol (Ultisol) derived from sedimentary
rocks rich in mafic materials.

The second studied AGF system was a highly fertilized coffee plantation (5000 plants ha™)
receiving 250 kg N ha™ y* and shaded by Inga densiflora of 7 year old and planted at a
density of 278 trees ha™, located on the experimental station of ICAFE (Coffee Institute of
Costa Rica) in Barba de Heredia in the Central Valley, a cool medium altitude zone of Costa
Rica (altitude of 1180 m, mean annual temperature < 22 °C and average annual rainfall of

2500 mm). The soil was a fine textured Andisol derived from volcanic ash.

In 2003, inventories of tree cover were performed in coffee farms of Costa Rica in order to
evaluate tree aerial biomass. The timber tree species studied were Cordia alliodora in the hot
low-altitude region of La Suiza, Terminalia amazonia in the hot low-altitude region of Pérez
Zeledon and Eucalyptus deglupta in the cool medium-altitude zone of Grecia.

Finally a database on C stocks and accumulation rates was built. It is based on 21 studies
located principally in Latin America with reference to 100 different types of coffee
plantations.

RESULTS AND DISCUSSION

Compared to the amount of C in aerial phytomass (biomass + litter) in full sun coffee systems
(10.5 to 11 t C ha™), the total C in aerial phytomass in coffee systems shaded by Eucalyptus
deglupta (110 shade trees ha™) or by Inga densiflora (280 shade trees ha™), was multiplied by
2.5 (27.4 and 25.4 t C ha™ respectively) after 7 years of inclusion of the shade tree. The shade
tree and the litter layer accounted respectively for 82-92% and 8-18% of the additional C in
aerial phytomass (+14.9 to 16.4 t C ha™). These C accumulation values accounted for an
additional mean annual increment of +2.1-2.3 t

C ha* y™ in comparison to coffee monoculture.
Depending on the derived products (fuel wood for coffee stems and Inga species; pallets,

logs, etc for timber species) and their life span, various wood production and harvesting
scenarios in coffee AGF systems can be evaluated with respect to C sequestration (Table 1).
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Figure 1. Carbon accumulation in aerial biomass and litter (t ha™) of Coffea arabica
systems in Costa Rica. a) full sun coffee and shaded coffee with Eucalyptus deglupta: b)
full sun coffee and shaded coffee with Inga densiflora.

Table 1. Carbon fate (t C ha™) in wood products harvested in 7-year-old coffee systems.

Products Coffee systems
Coffee Coffee — Coffee — Coffee —
monoculture Erythrina Inga spp. Eucalyptus

poeppigiana camaldulensis
Aerial biomass 10 16 25 27
Fuelwood(coffee stems) 4 4 3.6 3.6
Fuelwood? - - 9 1.4
(tree stems or branches)
Pallets ° - - - 3.4 (5-8 years)
Logs * - - - 6.6 (15-25 years)

ICoffee stems accounted for 40% of aerial coffee biomass. “Stems or branches in the case of
Inga, only branches in the case of eucalyptus. *With the logging and pallets processing
scenarios used in the Verde Vigor farm, 36% of the total eucalyptus stem (70% of aerial
biomass) composed the final product with a 5 to 8 year life span.*For small constructions
70% of the eucalyptus stem could be used with a 15 to 25 year life span.

307 C(ha') C(tha1y1)
25 1 B Shade tree 37 @ Shade tree
20 | O Coffee 5 O Coffee
15 | Litter | Litter
10 A 1
1 ] L]
0 A . . . 04 T . r
Fuif sun AGFwith  AGFwith AGF with Fuif sun AGF with  AGF with AGF with
coffee Ewthring inga spp.  timbertree coffee Enthrina inga spp. timber tree
poeppigiana poeppigiana
Mean age:
10years 9 years 7 years 9 years 10 years 9 years 7 years 9 years
a) b)

Figure 2. a) Carbon accumulation (t ha™) and b) mean annual increment (t ha™ y™) in
aerial phytomass in coffee monoculture and different coffee AGF systems, Synthesis
from 21 studies reported in the C data base (16 plots with coffee monoculture, 13 plots
with coffee - E. poeppigiana, 5 plots with coffee - Inga sp. And 138 plots with coffee
shaded by timber tree).
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Inventories of tree cover performed in coffee farms of Costa Rica showed that the average
total aerial biomass was for C. alliodora: 37 t C ha™ at a mean density of 184 trees ha™ and
13 years of age (mean annual increment of 2.8 t C ha™ y™); for T. amazonia: 25t C ha™ at a
mean density of 230 trees ha™ and 8 years of age (mean annual increment of 3.1t C ha™ y™);
for E. deglupta: 13 t ha™ at a mean density of 78 trees ha™ and 8 years of age (mean annual
increment of 1.7 t C ha™ y ™). Carbon stocks of coffee AGF systems highly depended on
shade tree species and their planting density. Mean values from the Carbon database based on
21 studies indicate that 80% of the C system was located belowground in soil organic matter
and roots, and 20% aboveground of which at least 50% is in the shade trees.

For a ten year period, mean values from the C data base (Figure 2) shows that the conversion
of coffee monoculture to AGF system resulted in a additional mean C increase in aerial
phytomass varying from 1t C ha™y in the case of regulated shading by E. poeppigiana, to
(2.3-2.6) C ha*y™ in the case of associated coffee with Inga sp. or timber tree.

CONCLUSION

Although change in soil C and GHG emissions (N,O + CH,) were not taken into account in
the analysis, the value of C-CO, sequestration in aerial phytomass (biomass and litter) by the
coffee AGF system showed the interest of coffee AGF management for global warming
mitigation. For approximately a ten year period, results from our experiments and published
literature showed that the conversion of coffee monoculture to AGF system resulted in an
additional mean annual increment in aerial phytomass varying from 1t C ha™ y™ in the case
of regulated shading by E. poeppigiana, to (1.7-3.1) C ha™ y™ in the case of shade timber tree
depending on tree species and their planting density. In addition to maintaining a forest tree
cover in the coffee plantation, various wood production and harvesting scenarios in coffee
AGF systems can be considered with respect to C sequestration depending on the derived

products and their life span.
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resistance mechanism can be accounted for the most compromising approach to realise
sustainable economic production in drought-prone environments and therefore an important
goal by breeders targeting these more marginal areas. Despite considerable research on
ecophysiology of arabica coffee (Rena et al., 1994; DaMatta and Ramalho, 2006), there is still
insufficient knowledge on the mechanisms underlying response to drought. Conventional
breeding has met only with little success in the development of drought resistant coffee,
mainly constraint by an extreme narrow genetic pool of modern cultivars.

These constraints attract interest to wild relatives of Coffea arabica that can be found in the
Afromontane rainforests of Ethiopia, its primary center of origin and center of genetic
diversity (FAO, 1968). The wild populations occurring there are believed to show high
diversity attracting interest as a promising source to increase drought resistance. Due to
increasing loss of forest areas natural stands of wild arabica populations are diminishing that
result in a permanent loss of coffee genetic resources (Gole et al., 2002). Therefore, action has
urgently to be taken to conserve the unique diversity of arabica coffee found in Ethiopia.
Therefore, the aim of this study is to provide an in-depth understanding of the
ecophysiological diversity in wild populations of Coffea arabica, to assign conservation areas
of the existing diversity and to give recommendations for optimal concepts of conservation of
the endangered wild populations of Coffea arabica.

MATERIAL AND METHODS

In order to provide an understanding of the mechanism underlying resistance for water deficit,
four distant wild populations of arabica coffee were chosen which span a broad precipitation
gradient (Figure 1a).These provenances were used as seed sources for an ex-situ study in
Jimma, Ethiopia (Figure 1b). Two irrigation levels as well as two light regimes were imposed
over a 17-days period. Throughout the experiment plants survival and physiology were
monitored by measuring leaf water relations as well as gas exchange parameters.

RNk
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/ﬂ =4 populations  Harenna L] S
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2 o~ - Bonga :.9.__;5
A N e Yayu ] 3
o
5 L ’{ Bethane-Kontir [
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r \x /\——‘f ‘ water+  water-  water+  water-

Figure 1. (a) Wild coffee populations across a precipitation gradient, (b) design of the
ex-situ study

A ‘drought resistance index’ (S) was calculated for each measured parameter using the
relationship S = (1 - Ys/Yp) / (1 — Xs/Xp), where Ys is the mean performances of a certain
population under drought stress, Yp the mean performance of the population under irrigated
conditions and Xs and Xp are the mean performances of all populations under these specific
treatments, respectively (Fischer and Maurer, 1987).
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RESULTS AND DISCUSSION

The selected coffee populations, occupying a broad range of stands with different habitat
conditions, showed considerable variability in physiological behaviour.

There was a strong linkage between gas exchange parameters and soil moisture availability
(Figure 2). Whereas transpiration rate (Ev) and stomatal conductance (gs) were maintained at
quite high levels during favorable soil moisture levels, a fast and strong decrease was
observed after reaching a critical soil moisture content of 20%. This threshold value revealed
the maintenance of high leaf water relations under dehydrating conditions as the main drought
adaptation strategy in the selected provenances. As a consequence, wild Coffea arabica
should be accounted as a more water-saving rather than a dehydrating tolerant species. In
addition, populations showed to differentiate in their drought response with differences in
water use being most significant under sufficient soil moisture conditions. Harenna plants
(dry site) maintained gas exchange activity nearly twice as high at treatment start compared to
Berhane-Kontir (wet site). Surprisingly, the Harenna provenance showed a more rapid decline
in gs, therefore being more sensitive to soil drying. In contrast, lower transpiration and
stomatal conductance of Berhane-Kontir populations at the beginning of the experiment allow
to postpone the time of dehydration in contrast to Harenna populations.

shade, drought stressed open sun, drought stressed

(a) f=y0+a*(1-exp(-b*x))+c*(1-exp(-d*x)) (b) f=if(x>0, yO+a*In(abs(x)), 0)

(d) f=if(x>0, yO+a*In(abs(x)), 0)
f=y0+a*(1-exp(-b*x))+c*(1-exp(-d*x))

g, (mmol m'zs'1)

50 40 30 20 10 40 30 20 10

soil moisture content (%) soil moisture content (%)
® Harenna
O Bonga
v Berhan-Kontir
A Yayu

Figure 2. Relationship between daily mean transpiration rate (E, mol m™?s™) and daily
mean stomatal conductance to water vapour (gs, mmol™s™) to soil moisture conditions
in wild Coffea arabica populations. Regression lines represent the most different
populations (- Harenna; — Berhane-Kontir).
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The differences in ecophysiological behavior among populations were also reflected in their
specific drought susceptible index (Figure 3). Ranked in increasing order of S in leaf water
relations, plants from Berhane-Kontir had the lowest, followed by Yayu and Bonga and then
Harenna that showed to be most affected by drought stress conditions. Plants originating from
Berhane-Kontir sustained unfavorable water conditions during drought by maintaining a
relatively high leaf water status (dessication avoidance response), whereas populations from
the Harenna populations showed a tendency to a fast depletion of soil moisture followed by a
remarkable aggravation of their leaf water relations.

In summary, populations behaviour under common garden conditions could not been
predicted from environmental conditions of their specific natural habitats. Plants experiencing
high precipitation intensity in-situ (Berhane-Kontir) showed good adaptation to drought
conditions in the ex-situ study whereas the dry site (Harenna) was highly susceptible to a
period of water deficit under common garden conditions.

shade, drought stressed open sun, drought stressed

& 25 A leaf water content 1 a leaf water content
5
S 20 1
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o
Q
8 |
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T
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g— 1.5 [ T b
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Harenna Bonga Yayu Berhane- Harenna Bonga Yayu Berhane-
Kontir Kontir

Figure 3. Drought susceptible index (S) of (a) leaf water content, (b) leaf water potential
predawn and (c) leaf osmotic potential predawn of wild Coffea arabica populations at
the end of drought stress period grown under shade (left panel, after 17 days) and open
sun (right panel, after 13 days), respectively. Bars indicate = SD; n = 3.

CONCLUSIONS
Wild coffee populations show diverse ecophysiological behaviour. However, plants
performance measured ex-situ could not be predicted from environmental conditions of their

natural habitat. Therefore, in-situ conservation is needed in order to maintain its
ecophysiological diversity found in this study.
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SUMMARY

Five germination media namely: riverbed sand, topsoil, sawdust, sand + sawdust (1:1 ratio)
and topsoil + sawdust (1:1 ratio) were evaluated in the pre-germination of seeds of five
selected robusta coffee clones (C36, C111, C90 (Quillou variety), T1049 (Java) and M10
(Niaolli)). Percent emergence, seedling vigour and seedling infection (disease) were recorded
at 11 and 13 weeks after sowing (WAS). Percent emergence in sawdust (63.2) was
significantly (P < 0.05) higher compared to other media with values 49.3, 46.1, 42.4 and 36.8
for sand, topsoil + sawdust, sand + sawdust and topsoil respectively. Seedling vigour was
significantly better in sawdust while topsoil was found to significantly predispose seedling to
infection. Overall performance was best in sawdust and least in topsoil. Clone M10 gave the
best seedling emergence, growth vigour and less disease incidence compared to other clones.

INTRODUCTION

Coffee production ranked second to cocoa amongst cash crops in Nigeria. Its propagation is
commonly by cuttings across the globe (Cambrony, 1992; Rene, 1992) but due to short
supply of cuttings (Adeyemi et al., 2004) as a result of insufficient manpower and lack of
technical know-how by farmers, coffee farmers in Nigeria depended mainly on propagation
by seed.

Coffee is a slow grower crop and the seeds under-go pre-nursery stage for pre-germination
before they are potted in topsoil medium. River sand is the medium used for pre-germination
of coffee seeds. Pertinently, river sand is bulky and not readily available all year round and in
all places, especially during the raining season when river tide is always high. The bulkiness
makes cost of transportation to be high and not affordable by the poor-resource coffee farmers
(Agbede and Kalu, 1995).

Sawdust is a common waste of sawmill industry across coffee growing belt in Nigeria. It is
used for the pre-germination of kola seeds (Adenikinju et al., 1989) in the pre-nursery stage
before they are potted in topsoil filled polythene bags. Presently sawdust is a menace in the
sawmill industry and it is been burnt to create space for other generated products and by-
products in the wood industry. It will be of interest if sawdust could be converted to some
useful agricultural purposes. This would reduce the menace of the waste at the sawmill
industry as well as the cost of river sand transportation to nursery sites by farmers. Hence the
need to investigate the use of sawdust compared to other pre-germination media for pre-
germination of coffee seeds in the nursery.
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MATERIALS AND METHODS

Five growth media (river sand, topsoil, sawdust, sand + sawdust and topsoil + sawdust) were
prepared into beds in the nursery at 75 cm x 30 cm x 15 cm dimension. The sand + sawdust
and topsoil + sawdust mixtures were at 1:1 ratio and the sawdust was cured for 6 months
before usage. Coffee beries were harvested from 5 coffee clones {C36, C116, C90 (Quillou
variety), T1049 (Java) and M10 (Naolli)} in the germplasm plot. The fruits were depulped in
water by hand immediately after harvesting and parchment seeds were air dried for 7 days on
racks in the laboratory room. All malformed, small and damaged seeds were removed. The
seeds were sown at 2.5 cm x 2.5 cm at 2.5cm depth and 25 seeds were sown per clone per
medium in 3 replicates. Watering was done thrice weekly at morning hours of the day.

Seedling emergence and disease counts were carried out and seedling vigour was based on
plant diameter values taken with vernier caliper in mm at the soil surface level at 11 and 13
weeks after sowing (WAS). Data obtained were analysed using analysis of variance
(ANOVA) and mean differences were separated using Duncan multiple range test (DMRT) at
P <0.05.

RESULTS AND DISCUSSION

Seedling emergence was highest in the sawdust medium (Table 1) with 58.4% at 11 WAS and
63.3% at 13 WAS, while it was least in topsoil medium with 34.4% at 11WAS and 36.8% at
13 WAS. Coffee seedlings raised with sawdust had the highest vigour at both 11 and 13 WAS
and least in the topsoil medium. Disease incidence was more on coffee seedlings raised with
topsoil compared to other growth media.

Table 1. Effect of pre-germination media on performance of coffee seedlings
at 11 and 13 weeks after sowing (WAS).

Growth Emergence (%) Disease incidence (%) | Plant diameter (mm)
Media 11 WAS | 13 WAS | 11 WAS 13 WAS 11 WAS | 13 WAS
Sand 44 .34 49.3y 0.07y 0.07. 5.0ap 8.7
Topsoil 34.4y 36.8; 0.47, 1.27, 3.5¢ 6.0c
Sawdust 58.4,, 63.2, 0.07y 0.07. 5.8a 10.1,
Sand + sawdust 38.94 42.4,. 0.00y 0.27, 4.0 1. T
Topsoil + sawdust | 45.1,, 42 .4y 0.07y 0.07, 5.0ap 7.3nc

Means with the same letter are not significantly different.

The highest percentage seedling emergence was in clone M10 (Table 2). The value was
48.0% at 11 WAS and 53.7% at 13 WAS. The value was least for clone C90 (Quillou) with
41.3% at 11 WAS and 42.7% at 13 WAS. The seedling vigour was similarly best in clone
M10 (Niaolli) at both 11 and 13 WAS and least in clone T1049 (Java). The observed disease
incidence on the coffee seedlings was more prevailent on clone T1049 at both 11 and 13
WAS but least on clone C36 at 11 WAS and on clone C90 at 13 WAS.

The sawdust growth medium resulted in significantly (P < 0.05) higher coffee seedling
emergence compared to the topsoil but not over other media. The better seedling emergence
in the sawdust medium may be due to its loose, light and friable nature, while other media
were heavy and compacted. The physical properties of the sawdust must have allowed better
aeration and adsorption of water sufficient for good germination of the coffee seeds. Sand is
loose but heavy and do not possess the ability to retain water adequately for optimum
germination and emergence (Bissnnais and Arrouays, 1997). Topsoil could retain sufficient
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water but it is heavy and compacted and could not allow adequate aeration needed for
germination of coffee seeds. Since coffee requires growth medium with light, loose and
friable properties for optimum germination and growth, sawdust with these properties was
therefore optimum.

Table 2. Effect of clones on performance of coffee seedlings
at 11 and 13 weeks after sowing (WAS)

Coffee Clone Emergence (%) Disease incidence (%) Plant diameter (mm)
11 WAS | 13 WAS 11 WAS 13 WAS 11 WAS 13 WAS
C36 43.2, 47.2, 0.07, 0.67, 4.8 7.5,
C111 46.1, 47.2, 0.13, 0.67, 4.3q 8.1,
C90 41.3, 42.7, 0.13, 0.60, 5.3 7.9,
T1049 36.0, 44.8, 0.20, 1.07, 3.1, 7.0,
M10 48.0, 53.7, 0.13, 0.67, 5.9, 8.9,

Means with the same letter are not significantly different.

Disease incidence was significantly (P < 0.05) higher on coffee seedlings raised in topsoil
medium compared to other growth media at both 11 and 13 WAS. Topsoil is reported to be
high in various kinds of soil microorganisms (Zhon and Everts, 2004), some of which are
pathogenic in nature (Zummo and Scott, 1990; Jaime-Garcia and Cotty, 2004). The high
organic matter contents of topsoil provide suitable environment and support for myriads of
biochemical activities and good multiplication of soil microorganisms.

The better pre-germination performance of coffee in the sawdust growth medium, with less
disease incidence compared to other growth media, suggests the need to recommend sawdust
for the pre-germination of coffee seeds in the pre-nursery stage of coffee propagation from
seeds in the nursery.
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and regular supply of nutrients to produce high yield and good quality beans. Compost
prepared from coffee processing byproducts mainly coffee pulp and husk can be a good
source of such mineral nutrients. The nutrient content of coffee processing by-products is
given below (Table 2). Methods of accelerated composting of coffee fruit waste in Mexico
were discussed where a regularly aerated mixture of 40% coffee pulp, 30% sugarcane filter
cake, 20% poultry litter and 10% wood chips (bulking agent) resulted in a high quality
compost within 50 days (Sanchez et al., 1999). Composting is a deliberate biological and
chemical decomposition and conversion of organic or plant refuse and residues for the
purpose of producing humus (Muller Samann, 1997). It can also be considered as a waste
management strategy, but its fertilizer value differs according to crop and climate
characteristics and soil fertility and structure (Rodrigues et al., 1995).

Coffee pulp is usually disposed without any treatment and left to degrade naturally in heaps,
with the uncontrolled liberation of noxious odors and nutrient loaded leachate as a
consequence. When it is left for natural degradation, it may take 6 to 8 months to achieve a
stabilization of the organic matter (Olguin, 1996). It is therefore believed that composting is a
feasible and cheap technology in dealing with by-products of coffee processing. Composting
of coffee pulp can be done with very low capital investment to produce a very high quality
organic fertilizer in a short time than natural stabilization (Olguin, 1996).

Compost produced from coffee processing byproducts mainly coffee pulp and husk can be
used successfully as an organic fertilizer for coffee production. A significant improvement in
growth and yield of mature coffees was reported in response to coffee pulp and husk compost
application (Chane, 1999).

Table 1. Approximate nutrient uptake by Arabica coffee producing
1t green beans/halyear.

N, kg P, kg K, kg
Green beans (1.0 t dry wt) 40 4 45
Pulp + Parchment 35 7 53
(1.25 dry weight)
Vegetative growth 60 5 22
Total 135 16 120

Source: Korikanthimath and Hosmani 1998; Mitchell, 1988; Willson, 1985; Wrigley, 1988.

Table 2. Nutrient content of organic residues and manures.

Type % Dry matter C/N ratio
N P K

Coffee pulp, fresh (India) 2.4 0.5 4.2

Coffee pulp, composted (India) 2.0 0.2 2.5

Coffee pulp, composted (Mexico) 3.8 0.4 10

Coffee pulp, fresh (Kenya) 3.7 0.4 6.5

Cattle manure (India) 0.4 0.2 0.2

Source: Van Der Vossen, 2004.
MATERIALS AND METHODS

Coffee pulp was collected from wet processing plants in Jimma zone (southwestern Ethiopia).
FYM (farmyard manure) was obtained from a dairy farm of Jimma College of Agriculture
(Jimma University). Legume plant material (foliage) (LM) was collected from plots in Jimma
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research center. Finally the common bulking agent used was top soil (30 cm depth) taken
from a farm at the research center. The different ratios of each mixture are given in Table 3
and 4.

Six cubic meter piles were established and managed according to the experimental procedure.
The piles were aerated once a week by manual turning. Temperature profile and moisture
content of each pile was monitored and recorded throughout the composting process.

A homogenous mixture of samples was taken every week; water content was determined by
drying at 105 °C. Organic carbon (Allison, 1965), total nitrogen (Furman, 1975) and pH
measurements were done for each sample.

Table 3. Proportion of coffee pulp and each organic residue in each treatment (set I).

Pile type Treatments

1 (Control) 2 3 4 5 6
Coffee pulp, % 90 80 70 80 70 70
FYM, % 0 10 20 0 0 10
LM, % 0 0 0 10 20 10
Top soil, % 10 10 10 10 10 10

Table 4. Proportion of coffee husk and each organic residue in each treatment (set I1).

Pile type Treatments

1 (Control) 2 3 4 5 6
Coffee husk, % 90 80 70 80 70 70
FYM % 0 10 20 0 0 10
LM % 0 0 0 10 20 10
Top soil % 10 10 10 10 10 10

RESULTS AND DISCUSSION
Temperature

During the first few days of composting, the temperature of each pile increased steadily (up to
around 45 degrees) while the ambient temperature decreased from around 18 to below 15
degrees. After being aerated at the end of the week, an immediate fall in the temperature of
each pile was noticed. Compost piles that contained higher proportion of organic residues
exhibited higher temperatures along the process till stabilization was achieved. Stabilization
of organic matter degradation was achieved in 45 days. From day 9 to 40 the temperature of
all piles remained above 25 °C while the ambient temperature was below 20 °C. It is known
that a satisfactory temperature is the best indication of successful composting. In general,
during composting, temperature climbs sharply at first as the readily available (soluble)
compounds oxidize, reaching a temperature of 60 & 70 °C in 1 to 3 days (Muller Samann,
1997).

Moisture profile

The liberated heat in piles with organic residues was higher than in the control pile which was
indicated by the higher temperature and low moisture content and a correspondingly lower
temperature and higher moisture content of piles in accelerator containing and control plots
respectively (Figures 1 and 2). The moisture content of all piles was higher in the second
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week than the first. The increase in moisture content in the second week was caused by
rainfall. Since the composting was accomplished under natural conditions without roof and
other protective structures, higher than the normally expected moisture level was recorded in
the second week as a result of higher water input from natural rain. After the second week,
moisture level in all compost piles decreased consistently until the ninth week. At the ninth
week, piles that contained organic residues had lower moisture content than the control pile
indicating the higher evolution of temperature in piles with organic residues that subsequently
evaporated more water than in the control pile.

&

g

g

T

o

z

= OO [N VIR SO [ FIS) Y J P ] PR 5 I PR ) N FR S O PR Y R RS o [ PR Y VI IO F P71 P R S Y F S ] FAN S [ PR S0 I Y F PO
A T U AR - SR SN -

Time (days)
——Trt-{ ——Trt-2 Trt-3 Trt-4 —K—Trt-5 —@—Trt6 —+—Abt

Figure 1. Temperature profile during coffee pulp compostir and with out organic
accelerators.
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Figure 2. Changes in moisture content during coffe composting with and without
organic accelerators

C/N profile and quality of the produced compost

The C/N ratio of all piles decreased at the end of composting. It is known that reduction in the
C/N ratio reflects the organic matter mineralization and an adequate evolution of the
microbial composting process. The C/N ratio is expected to reach minimum values when
mineralization of organic matter has finished. The general quality of the compost in piles with
amendments is superior to the quality found in the control pile after 45 days (Table 5),
especially, in terms of total nitrogen content and C/N ratio.
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Table 5. General quality of coffee pulp compost in piles with different organic residues
at the end of composting (49 days).

Parameter 90% 80% Coffee | 70% CP | 80% CP+ | 70% CP | 70% CP +
Coffee pulp+10% | +20% 10% FYM +20% | 10% FYM +
pulp (P1) FYM FYM | +10% LM LM 10% LM
Moisture % 38.23 30.89 36.97 28.48 36.12 34.59
pH 7.69 7.49 7.50 7.54 7.60 7.51
Tot-N (%) 0.80 0.81 0.90 1.04 1.06 0.83
Organic
carbon (%) 7.15 6.71 6.71 5.67 5.62 5.88
C/N 8.5 8.3 7.5 5.5 5.3 7.1
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Figure 3. Temperature profile during coffee husk composting with and without organic
accelerators.

CONCLUSION

Coffee pulp and husk compost piles with organic accelerators had higher temperature, lower
moisture content and higher pH compared with the control. The lower C/N ratio and higher
total nitrogen content of accelerator containing compost piles at the end of the composting
process indicate the superiority of piles with organic amendments in terms of final quality.

Therefore, in view of the rising demand for organic coffee, coffee processing byproducts
which have so far been mismanaged in the region should be converted into a high value
organic fertilizer through composting with appropriate amendments. Based on results
obtained in this experiment, 70% coffee pulp with 20% FYM was the best combination
followed by 80% coffee pulp, 10% FYM and 10% Legume materials. In the case of coffee
husk compost, 70% coffee husk, 10% FYM and 10% Legume materials was the best
treatment combination. Hence, coffee processing byproducts, mainly coffee pulp and husk,
can be converted into a nutritionally balanced organic fertilizer for coffee production as an
integral part of a sound soil fertility management strategy in the region.
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It has been reported that though the application of P fertilizers on such soils has had an
enormous impact on plant production, soil management practices, which affect the utilization
of P by plants, are equally of a paramount significance for efficient use of native and/or
applied P. One of such management practices influencing directly the availability of P is
liming. Yet, the advantage of this potential soil fertility management practice has not been
utilized for improved coffee production in Ethiopia. The objectives of this study were,
therefore, to investigate the effects of lime and P mineral fertilizer on the growth of arabica
coffee seedlings and establish optimum combination of these agricultural inputs that give the
best growth response under nursery conditions.

MATERIALS AND METHODS

The experiment was conducted at Jima Agricultural Research Center of the former Ethiopian
Agricultural Research Organization, Ethiopia. The Center is located at coordinates of 7° 46' N
latitude and 36° 0' E longitudes on an altitude of 1753 meters above sea levels. The long-term
mean annual rainfall recorded at the Research Center is 1585 mm with mean maximum and
minimum temperatures of 26.2 and 11.5 °C, respectively. The predominant soil of the Center
on the hilly side is reddish brown Nitosols and generally clay dominated and characterized by
low available P (Paulos, 1994).

Six levels of lime [0, 2.31, 4.62, 6.93, 9.24 and 11.55 g/2.5 kg soil (pot)] and four P rates (0,
250, 500 and 750 mg P/pot) were factorially combined and laid out in randomized complete
block design with three triplicates. Fresh seeds of CBD resistant varities-7440 were sown in
black polythene bags of 12 cm wide and 25 cm in length. The pots were field with a fine top
soil of 0-25 cm of Nitosols. The soil was well dried and sieved using a 2 mm wire mesh. The
different lime rate powdered lime having a CaCOs;equivalent of 97.5% were thoroughly
mixed with 2.5 kg of the sieved soil prior to filling in the pots and sowing the coffee seeds,
where each experimental consisted of 16 seedlings (pots). These were arranged on nursery
beds at 60 cm spacing. The P rates as triple super phosphate (46% P,Os or 20% P) and Urea
(46% N) at a rate of 540 mg N/pot were applied in three equal splits, i.e., when the seedlings
attained one, three and five pairs of true leaves stages. The seedlings were maintained with the
standard nursery management practices until the completion of the study (Tesfaye et al.,
2005).

Four seedlings from the inner of each experimental unit were assessed for attributes of shoot
[plant height (cm), stem diameter (cm) and leaf number and area (cm?)] and root [tap and
lateral root (cm)] growth, when seven pairs of true leaves observed on good performing
seedlings. Intact leaf area was determined using the procedure adapted by Yacob et al. (1995).
To this end, the biomass of a seedling was partitioned into shoot and root component. Then
the roots were traced on a clean transparent glass placed above a square paper. The length of
the root hairs per seedlings was calculated by counting the number of squares covered by
individual root hair and multiplied by the length of a single square (0.05). Finally data were
analyzed using SAS software program (SAS Inst., 1990). Treatment mean separation was
accomplished according to Duncan's Multiple Range Test at p < 0.01 probability level.

RESULTS AND DISCUSSION

Shoot (plant height, stem diameter and leaf number and area) and root (tap and lateral root
length) growth of coffee seedlings significantly (p < 0.01) affected by lime and P rates (Table
1). The highest growth responses for the aforementioned parameters were recorded for
seedlings treated with 2.31 g lime/pot, though no variation was detected from seedlings that
were not treated with lime. However, the application of lime at rates > 2.31 g/pot decreases
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shoot and root growth parameters at a decreasing rate, culminating in the lowest values of the
respective parameters at the highest lime rate (11.55 g lime/pot).

Table 1. Shoot and root growth of arabica coffee seedlings as affected by lime

and P rates.
Shoot growth Root growth

Plant Stem Leaf Leaf Tap root | Lateral
Lime and P rates height | diameter | number area length root

(cm) (cm) (cm?) (cm) length

(cm)

Lime rate (g/pot) *% *% *% *% *% *%
0 24.68° 0.40° 11.71° 20.07® [25.32® | 719.80°
2.31 25.11° 0.41° 11.85° | 21.01° 26.96° | 729.92°
4.62 21.92° 0.38% 10.73° 17.96™ | 24.68 |583.42°
6.93 20.64° | 0.36™ 10.61° | 1532 [23.53% [539.14"
9.24 17.72° 0.35° 9.77° 13.211 22.849 | 462.49%
11.55 15.08° 0.30¢ 8.71° 9.98° 22.69% | 403.43°
SE (+) 0.72 0.01 0.26 0.74 0.45 22.53
P rate (mg P/pOt) *% *% *% *% *% *%
0 10.91¢ 0.25¢ 6.95° 6.14° 22.95" | 418.32°
250 20.19° 0.36° 10.81° 15.94° 24.44® | 589.68°
500 24.46" 0.40° 11.74° 19.51° 24.46% |611.43®
750 27.89° 0.44° 12.82° | 23.46° 25.12% | 672.72°
SE (+) 0.59 0.01 0.21 0.61 0.36 18.40
CV (%) 12.04 6.30 8.60 15.80 6.25 13.62

**Significant at 0.01 probability level. Means within a column followed by the same
superscript(s) are not significantly different from each other at 0.01 probability level.

Unlike lime rates, shoot and root growth of the seedlings linearly increased with increasing P
rates (Table 1). Accordingly, application of 750 mg P/pot increased plant height, stem
diameter, leaf number and area, and tap and lateral root length by 60.9, 43.2, 45.8, 73.8, 8.64
and 80.9%, respectively, over the unfertilized pot.

The better shoot and root growth response of coffee seedlings grown on pots treated with 0
and 2.31 g lime/pot could largely be attributed to the improved chemical properties of the
media, specifically high available P (23.8 and 29.6 ppm, respectively), which was eleven
times higher than the available P (2.4 ppm) of soils of the study area (data not shown). O the
other hand, the decrease in solubility and availability of P, which is caused by the formation
of insoluble Ca-P compounds in the soil (Naidu et al., 1990), the deficiencies of Fe, Mn, Zn
and B and increased K and Mg retention capacity of soil colloids (Brady and Weil, 2002)
might be responsible for the decrease in growth of coffee seedlings when it is grown with the
highest lime rate (11.55 g lime/pot).

The least growth response of coffee seedlings in unfertilized pot observed in this study
indicate that the soil used for this study is very poor in available P. The results comply with
the findings of Taye et al. (1999), who reported stunted shoot and root growth and thus
reduced nutrient uptake under relatively nutrient deficient and poor physical media condition.
Likewise, Chane (1991) reported that high growth response of coffee seedlings to fertilizer on
nutrient poor soils and less to no response in nutrient rich soils. As a result, application of P
fertilizers is mandatory on highly weathered, leached and acidic coffee soils of Ethiopia.
However, the increase on shoot and root growth with successive increment of P application
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observed in this particular investigation apparently seems to be a good indicator of the
existence of more room for increase of the parameters by applying P fertilizers at rates above
750 mg P/pot, which awaits further fine-tuning.
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Figure 1. Plant height (a), stem diameter (b) and leaf number (c) and area (d) of coffee
seedlings as affected by the interaction of lime and P rates.

In reference to interaction effects, significant (p < 0.01) variation were noticed only for shoot
growth. Accordingly, the highest but insignificant (p > 0.05) growth were recorded for the
interaction of 0 g lime and 750 mg P/pot, and 2.31 g lime and 250, 750 and 500 mg P/pot in
that order. In contrast, the least and significantly different shoot and root growth were noticed
on pots treated with a combination of 0 mg P/pot and increased lime rates (Figure 1). This
indicates liming of inherently less fertile coffee soils without P fertilization adversely affect
the growth performance of coffee seedlings.
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In conclusion, applying P at a rate of 750 mg P/pot or applying low lime (2.31 g/pot) and low
P (250 mg P/pot) rate combination produced vigorous and healthy arabica coffee seedlings for
field planting at Jimma. But, further studies is required under field condition to evaluate the
response of coffee trees to varying levels of lime and P and establish economically optimum
levels of these agricultural inputs for major coffee growing agro-ecologies of the country.
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into its component parts of arabica coffee seedlings and establish optimum combination of lime
and P rate that give seedlings with better dry matter yield for field planting.

MATERIALS AND METHODS

A factorial combination of six levels of lime [(0, 2.31, 4.62, 6.93, 9.24 and 11.55 g/2.5 kg soil
(pot)] and four P rates (0, 250, 500 and 750 mg P/pot) were laid out in randomized complete
block design in three replications at Jima Agricultural Research Center (7° 46°N, 36° 0’E, 1753
m.a.s.l.) of the former Ethiopian Agricultural Research Organization, Ethiopia. Topsoil (0-25 cm)
of Nitosols air-dried and sieved with a 2 mm wire mesh. Powdered lime having a calcium
carbonate equivalent of 97.5% was purchased from a local market and it was used as a liming
material. The different lime rates were weighted and thoroughly mixed with 2.5 kg of the sieved
soil. The blend was then depot in black polythene bags of 12 cm wide and 25 cm long, where a
single experimental unit contained 16 seedlings. Seeds of coffee berry disease (CBD) resistant
selection- 7440 were sown per pot. The P rates as triple super phosphate (46% P,Os5 or 20% P)
and Urea (46% N) at a rate of 540 mg N/pot were applied in three equal splits, when the
seedlings attained one, three and five pairs of true leaves.

The center four seedlings per experimental unit were partitioned into stem, leave and root
component, when seven pairs of true leaves observed on a good performing seedlings. These were
oven dried at 70 °C for 24 hours to a constant weight and their dry matter measurement (g) was
taken separately using sensitive electronics balance. The dry weight of each part was used to
determine the dry matter partitioned to stem, leaf and root and total dry matter (stem + leaves +
roots dry matter). Finally, the data were subjected to analysis of variance using SAS software
program (SAS Inst., 1990). Results were presented as means and were compared using the
Duncan’s Multiple Range Test at p < 0.01 probability level.

RESULTS AND DISCUSSION
Stem dry matter (SDM)

Variations between lime rates were highly significant (p < 0.01) for SDM production.
Accordingly, lime rate of 0 and 2.31 g produced seedlings with higher but non-significant SDM
production, while SDM production was significantly low in pots treated with 11.55 g lime. In
contrast, the highest (29.29%) and the lowest (25.27%) stem dry matter distribution was
recorded on pots treated with 6.93 and 9.24 g lime in that order (Table 1).

Stem dry matter of coffee seedlings highly significant varied among the P rates. The significant
increase in the parameter from 0.15 to 0.99 g could be attributed to the corresponding increase in
lime rate from 0 to 750 mg/pot. Similarly, dry matter distributed to stem increased with increasing
P rates. Thus, the results ranging between 26.26 to 28.12% were observed on pots treated with 0
and 750 mg P, respectively (Table 1).
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Table 1. Dry matter production (g/pot) and distribution (%) of coffee seedlings

as affected by lime and P rates.

Lime and P rate Stem dry matter Leaf dry matter Root dry matter Total dry
matter
Production | Distribution | Production | Distribution | Production | Distribution | production
Lime rate (g/pot) ** ** ** **
0 0.77% 27.08 1.46% 51.28 0.62%° 21.64 2.84°
2.31 0.88° 28.27 1.53" 50.03 0.66° 21.70 3.06°
4.62 0.64" 26.81 1.21% 50.94 0.53° 22.13 2.38°
6.93 0.60° 29.29 0.94 46.34 0.50™ 23.83 2.04°
9.24 0.43° 25.27 0.86" 50.71 0.41% 24.04 1.69°
11.55 0.31° 25.80 0.58° 47.41 0.33° 26.79 1.22°
SE (+/-) 0.05 0.07 0.03 0.13
P rate (mg P/pot) *x *x ** **
0 0.15° 26.26 0.24° 4157 0.19° 24.44 0.58°
250 0.56° 27.55 1.01° 49.85 0.49° 24.33 2.06°
500 0.76° 27.26 1.40° 50.56 0.61° 22.15 2.76°
750 0.99° 28.12 1.78° 50.83 0.74° 21.02 3.49°
SE (+/-) 0.04 0.06 0.03 0.10
CV (%) 26.23 25.57 21.92 19.51

** = Significant at 0.01 probability level. Means within a column followed by the same
superscript(s) are not significantly different from each other at 0.01 probability level. The
interaction of lime and P rates significantly (p < 0.01) affected SDM. The highest but insignificant
(p > 0.05) SDM were observed for seedlings treated with a combination of 0 g lime and 750 mg
P/pot, 2.31 g lime and 250 mg P/pot, 0 g lime and 500 mg P/pot, 2.31, 4.62 and 6.93 g lime and
750 mg P/pot and 2.31 g lime and 500 mg P/pot, respectively (Figure 1a). On the other hand, the
least and insignificant values for the parameter were noticed for the combination of 0 mg P/pot
and increased lime rates.

Leaf dry matter (LDM)

The use of lime and P as chemical amendments significantly (p < 0.01) affected LDM.
Accordingly, application of 2.31 g lime/pot gave the maximum dry weight, but statistically not
different from 0 g lime/pot (Table 1). However, application of lime above 2.31 g/pot decreased
LDM at a decreasing rate, culminating in the lowest value at the highest lime rate (11.55 g/pot).
On the other hand, the highest (51.28%) and lowest (46.34%) LDM accumulations were recorded
for seedlings grown with 0 and 6.93 g lime/pot, respectively (Table 1).

Leaf dry matter linearly increased with increasing P rates. The lowest (0.24 g) and the highest
(1.78 g) values of the parameter recorded for seedlings treated with 0 and 750 mg P/pot,
respectively (Table 1). Similarly, total dry matter partitioned to leaf increased with increasing P
rates. In aggregate, the result presented in Table 1 and Figure 1b showed 50% of the total
assimilates partitioned to the leaf of coffee seedlings grown under the respective main and
interaction effects. The results are in accordance of the reports of Rajan (2000) and Taye et al.
(2001).

The combined effects of lime and P rates significantly (p < 0.01) influenced LDM. The
combination of 0 g lime and 750 mg/pot and 2.31 g lime and 250 and 750 mg P/pot gave the
highest LDM of 2.32, 1.98 and 1.90 g/pot, respectively (Figure 1b). In contrast, the least and
statistically insignificant LDM of 0.31 to 0.14 g/pot was observed on pots received a
combination of 0 mg P/pot and 0 and 11.55 g lime/pot. This indicates the adverse effects of liming

1097




inherently less fertile coffee soil without P fertilization. The result also revealed that for each lime
rate, application of P accentuated the effect of lime and the effects were greater with increased
levels of P addition (Figure 1b). This could be attributed to increase levels of available P (data not
shown), which render vigorous shoot growth.

Root dry matter (RDM)

Differences between lime rates were highly significant for RDM production. The highest and
non-significant values of 0.62 and 0.66 g of the parameter were recorded from pots treated with 0
and 2.31 g lime in that order. However, lime rates > 2.31 g/pot linearly decreased RDM and
declined to the lowest value at the highest lime rate (Table 1). Unlike the above ground parts, dry
matter partitioned to roots was highest on pots treated with 11.55 g lime. As a result, the highest
(26.79%) and the lowest (21.64%) values were obtained on pots treated with 11.55 and 0 g lime,
respectively (Table 1).

The better RDM production on pots received no lime and lime at a rate of 2.31 g/pot attributed
to the improved levels of available P (data not shown) which enhanced root growth of the
seedlings. The increase in dry matter partitioned to root with increasing lime rate observed in this
study attributed to the impaired chemical characteristics of the soil, such as increase in pH and
decrease in available P (data not shown). The results comply with the findings Taye et al. (2001),
who reported enhanced partitioning of the total assimilate to roots of coffee seedlings under
relatively nutrient deficient and poor physical media condition. This concurs to the reports of
Marschner (1995), who indicated that root is much stronger sink of the total assimilate under
relatively nutrient stressed condition.

Application of P significantly (p < 0.01) affected RDM. The highest value of this parameter was
recorded for seedlings treated with 750 mg P/pot. Conversely, this parameter was adversely
influenced in the absence of P fertilization and hence the lowest value was recorded (Table 1).
However, total dry matter partitioned to the root decreased with the increased level of P. The
finding confirms the roles of P in promoting shoot and root dry matter of coffee seedlings (Taye
et al., 2001; Wintgens, 2004). Likewise, RDM production significantly (p < 0.05) influenced by
the interaction of lime and P rates. Accordingly, this parameter depressed with the interaction of
0 mg P/pot and increasing lime rates (Figure 1c).

Total dry matter (TDM)

Lime rates significantly (p < 0.01) varied for TDM. As a result, the seedlings attained maximum
value of 3.06 g/pot of the parameter at lime rate of 2.31 g/pot. However, application of > 2.31 g
lime/pot linearly decreased TDM of the seedlings (Table 1). The decrease in dry matter yield
observed at the highest lime rate in this study is in agreement with the reports of Naidu et al.
(1990), Brady and Weil (2002) and Kidd and Proctor (2001). The possible explanation for this
finding has been attributed to the formation of insoluble Ca-P compounds in the soil, deficiencies
of Fe, Mn, Zn and B and increased K and Mg retention capacity of soil colloids. These findings
invariably illustrated that, depending on the type of crop species, lime rates that only raise the
pH to levels neutralize exchangeable Al or reduced it to lower levels increase plant growth and
yield (Rodriges et al., 2001).
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Figure 1. Interaction effects of lime and P rates on stem (a), leaf (b), root (c) and total (d)
dry matter production by coffee seedlings.

Application of P at different rate highly significantly affected TDM (Table 1). Accordingly, the
results ranged between 0.58 and 3.49 g/pot were recorded for seedlings fertilized with 0 and 750
mg P/pot, respectively. The lowest values of the parameter noticed from P unfertilized pots in
the present investigation could be related to the low availability of P in this soil (data not shown).
This indicates the benefits of P fertilizer on such inherently infertile coffee soils, a fact, which has
been recognized but which awaits quantification of the optimum level through research and
further fine-tuning.

In accordance with the main effects, interaction of lime and P rates significantly (p < 0.01)
affected TDM. At each lime rate, TDM increased with increased levels of P fertilization (Figure
1d). Since the seedlings continued responding significantly in dry matter production up to the
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highest P level at each lime rate, it was not certain weather maximum growth of the crop was
attained or not.

In conclusion, coffee seedlings with high dry matter content for field transplanting could be grown
by applying P at a rate of 750 mg P/pot or by applying low lime (2.31 g/pot) and low P rate (250
mg P/pot) rate combination. However, further studies should be continued under field conditions
to investigate growth and yield response of coffee trees and row and cup quality of green beans to
different lime and P fertilizer rates and establish economically optimum level of these agricultural
inputs for sustainable coffee production in the country by taking into account, inter alias, coffee
cultivars, seasonal growth and fruiting pattern, management practices and climatic conditions.
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annual precipitation, which may not adequate to satisfy the seasonal crop water requirement
and recurrent drought in coffee growing areas of the country adversely affect growth and
yield of the crop (Tesfaye, 2006). This conditions necessitates for search of management
practices that reduce runoff and soil erosion and harvest rain water. In this line it has been
reported that the practice of judicious soil and water conservation undoubtedly increase the
productivity of annual crops (Tenaw et al., 2001; Heluf, 2006) and tree crops like coffee
(Yacob et al., 1996; Tesfaye et al., 1998). Similarly, Heluf and Yohannes (2001) reported the
importance of tied ridge in increasing crop yield by increasing the time for the water to
penetrate into the soil.

In its original ecology in the hot humid and cool high lands of south and south western
Ethiopia forest coffee population is very aged consisting of trees estimated to be between 40
and 100 years (Personal communication). The trees are very tall (4-6 m) making management
practices, such as harvesting of the berries, pruning and training and pesticide spraying,
cumbersome to practice. The available research results, however, indicated that stumping the
trees in a slant at 30-45 cm height above the ground renovate old coffee orchards and make it
productive and manageable (Paulos, 1997; Wintgens, 2004).

Although, the conventional practice for rejuvenating old coffee trees in Ethiopia is stumping,
work done elsewhere revealed that coffee trees during cycle conversion can also be
rejuvenated and become productive by different rejuvenation practices stumping viz. decote,
agobiado, topping and eskeltamento (Yilma, 1986; Wintgens, 2004). However, information is
not available on the potential benefite of the methods for improved coffee production in
Ethiopia. Therefore, the present study initiated with the objectives to evaluate the relative
efficiency and effectiveness of ridges and rejuvenation methods and their interaction on the
productivity of forest coffee.

MATERIALS AND METHODS

The experiment was superimposed on morphologically identical and uniform age forest
coffee trees grown on sloppy land at Tepi Agricultural Research Sub-center. The Center is
located at 7° O'N latitude and 35° 15'E longitude and an altitude of 1200 meter above sea
level. The yearly mean rainfall at the site was 1685 mm with respective minimum and
maximum temperature of 15.4 and 29.9 °C.

The study was laid down in split-plot design with three replications, where ridges (soil
moisture conservation) and rejuvenation methods were assigned to the main- and sub-plots,
respectively. The methods of soil moisture conservation consisted tied ridge (closed end
ridge) and untied ridges (open end ridge) constructed against the slope of the land and flat
land (without moisture conservation maintained as farmers’ practices). The ridges were
renewed every year right after the onset of the first rain in April.

The rejuvenation treatments were: 1) Eskeletaminto: all the primary branches are cut back at
15-20 cm from the main stem except those left at the tip of the tree. As a result, new young
suckers have been initiated at the bottom of the main stem. When these suckers start to give
their first crop, the old stem cut back at a slant at a height of 30 cm above the ground; 2)
Agobiado: bending of the orthotropic branches to the ground and tie it on peg. Then after,
branches touching the ground cut back. As a result, many young new suckers have been
initiated and grow on top part of the bend stem; 3) Decote: capping the coffee trees at 1.50 m
height above the ground and growth of new suckers below the capping height was checked; 4)
Topping: similar to decote except the height of capping was 2 m; 5) Layering: roots of the
coffee trees digged in one side and then after the main stem of the trees bend and lay it on the
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ground; 6) Clean stumping: cutting back the orthotropic branches of the coffee trees at a
slant at a height of 30 cm above the ground level; 7) Ground level stumping: stumping the
main stem at a slant at the ground level; and 8) Control: not rejuvenated trees as farmers'
practices. For treatment number 1 to 7 two vigorous and healthy growing suckers per tree
were selected and left for production through out the experimental periods.

Red fresh cherries were harvested from each experimental plot for five consecutive years. The
results were multiplied by a factor of 0.166 to convert into clean coffee yield and reported in
kg ha™. The mean yield data were subjected to statistical analysis using MSTAT computer
soft ware appropriate to the design and significantly deferring treatment means were separated
using Duncan’s Multiple Range Test at p <0 .05.

RESULTS AND DISCUSSION

Mean coffee yield averaged over five crop seasons significantly (p < 0.01) differed due to the
effect of ridges (soil and water conservation methods). Among the treatments considered, tied
ridge produced yield advantage of 18.96 and 23.56% over untied ridge and flat planting,
respectively. However, there was no significant difference (p > 0 .05) between the yield
produced on untied ridge and flat land (Table 1). The results obtained in this study is
comparable with the yield advantage obtained from closed end ridges by Heluf (2003) and
Tenaw et al. (2001) for annual crops and Yacob et al. (1996) and Tesfaye et al. (1998) for tree
crops like coffee. This is also in line with the better growth and yield response of crops
observed in drought prone areas of eastern Ethiopia, where small-scale farmers construct band
around the crops and/or plant crops in the furrow of ridges (Personal observation and
communication). In all cases the higher yield of crops observed for tied ridge is attributed to
the higher in situ moisture harvesting and retaining capacities as compared to untied ridge and
flat land planting. Closed end ridges give more time for rain water to infiltrate into the ground
than open end ridge and flat land and, therefore, allow crop plants to use the water that could
have been waste as runoff. However, the impact of close ridges in improving crop growth and
yield were higher during crop seasons with low total rainfall and/or with poorly distributed
rains and prolonged dry hot periods (Heluf, 2003; Heluf and Yohannes, 2001).

Table 1. Effects of interaction of moisture conservation (MC) and rejuvenation methods
on yield (kg ha™ clean coffee) of forest coffee at Tepi (five years mean).

Clean coffee yield _MC treatment
Rejuvenation treatment Tied ridge Untied ridge | Flat land Mean
Topping 1269 041 806 1005%(12.64)
Agobiado 956 999 918 058%(8.35)
Eskeletaminto 1132 799 831 921%(4.67)
Decote 978 811 727 839°%(-4.65)
Layering 990 716 618 775%(-13.29)
Clean stumping 709 563 441 571°%(-53.37)
Ground level stumping 576 439 471 496™(-77.02)
Control (not rejuvinated) 896 810 927 878°
Mean 938%(23.56) | 760°(25.31) 717°

Means within a column or row followed by the same superscript (s) are not significantly
different from each other at p < 0.01 probability level. Number in parentheses are percentage
of yield increment or reduction over the control.

Similarly, the different rejuvenation treatments significantly (p < 0 .01) affected clean coffee
yield averaged over five crop seasons. On the contrary, the effect was insignificant (p > 0 .05)
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for the interaction of soil moisture conservation and rejuvenation methods. Topping followed
by agobiado and eskeletamento gave yield advantage of 12.64, 8.35 and 4.67%; while yield
reduction of 4.65, 13.29, 53.71 and 77.02% were noticed for decote, layering, clean stumping
and ground level stumping, respectively, as compared to the control plot (Table 1). The
findings is in agreement with the results obtained by Yacob et al. (1996), who reported that
coffee yield from stumped plots was consistently lower than unstamped (not rejuvenated)
ones. Based on the results of the survey work, Getachew et al. (1995) also indicated the
reluctance of farmers to accept stumping as a practice promoting the productivity of old
coffee orchards in Wollega and Illubabor regions. However, the adoption of the different
rejuvenation methods considered in this study is influenced by stem nature of coffee varieties
(flexible or stiff), spacing (population density) and age of coffee trees (Yacob et al., 1996),
economy and energy of the people who carry out the operation and management system
(Yilma, 1996). Thus, agronomically feasible and economically profitable methods should be
adopted to renew old coffee orchards.

In conclusion, the findings of the present study shows that coffee yield per unit area could be
increased provided that the proper methods of moisture conservation are used. The traditional
planting of coffee trees on flat land was inferior to other methods of soil and water
conservation (tied and untied ridges) in improving coffee yield. Besides, old and exhausted
arabica coffee can be successfully rejuvenated and become productive by different
rejuvenation schemes viz. topping, agobiado and eskeletamento, which out yield the
conventional stumping at least by two fold. However, the efficiency of soil and water
conservation and rejuvenation techniques depends on climate, the crop grown and the
cropping methods followed. Thus, further investigation should be continued to test these
management practices in major coffee growing agro-ecologies of the country and identify
technologies that would be agronomically feasible and economically profitable to boost and
sustain productivity of old coffee orchards in the country.
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However, continuous application of the same nutrient form for a long time can lead to the
occupation of most of the adsorption sites there by creating toxicity problem of the released
one. The formula may also contain elements other than the nutrient under study, which will
favor the release or fixation of other nutrients. Under highly weathered condition over long
period of time and continuous application of fertilizer, soil phosphorus undergoes significant
change both in chemical forms and its location in soil profile (Thimma et al., 1991 and
lyengar et al., 1982). The effect of potash application over years significantly increased the
amount of K compared to non-fertilized plots with increasing dose of K (Reddy et al., 1993).
It is concluded that the applied K has contributed to the luxury consumption of K by the crops
and this will still continue to supply K to crops for some more seasons with out reducing yield
(Mahendra singh et al., 1982) The purpose of this study was, therefore to study the long-term
effect of application of chemical fertilizer on macr-micro nutrient status of the soil. The
objective of the present study was to study the fate of the micro and macro-nutrients in the
soil as a result of continued application of N, P, and K fertilizer on coffee plantation.

MATERIALS AND METHODS

A laboratory investigation was done at Jima research Center. The soil type of the area is
Eutric nitosol and clay; deep and well drained, with pH of 5-6, medium to high in
exchangeable cations (Brehanu D.1975, Paulos, 1994). Sixty-four (0-30 cm) soil samples for
this study were collected from over 15 years, N-P-K fertilizer trial, and several farm
management holding fertilizer plots under coffee production. From these treatments
containing different levels of N, P, and K soil samples were collected and studied for the
concentration of N, P, K, Fe, Mn, Cu, and Zn. The data were compared with those collected
from non-fertilized or intermittently fertilized plots. The changes in concentration of the
applied nutrients were also investigated.

The collected soil samples were air-dried, grinded 2 mm meshes. Soil pH was measured 1:2.5
soil H,O. The available Fe, Mn, Cu, and Zn were analyzed by 0.006M DTPA
(Dietylenetriaminepenta-acitic acid) extractant and were read in Atomic Absorption Spectro
Photometer (AAS). The total nitrogen and phosphorus were determined colorimetrically using
Molybdenum blue and ammonium molybdate method respectively. Potassium was
determined by flame photometer. The sources of NPK were Urea, DAP, TSP and Muriate of
Potash respectively.

RESULT AND DISCUSSION:

Initially 64 Soil samples were collected from over 15 years fertilized experimental plots. The
results of analysis in Table 1 indicated that average soil pH was 4.57. The total nitrogen
content was ranged from 0.20 to 0.36% and the average value was 0.25%. The organic carbon
content ranges from 2.1% to 3.6 % and the average organic carbon content was found to be
2.96%. The available P content ranges from trace to 22 ppm and the average available P
content was 5 ppm. Available P content increased significantly in all fertilized plots compared
to unfertilized sites. Unlike N, which is highly liable to mineralization, leaching and
volatilization the residual effect and build up of P in the long term fertilized plot is highly
observable. In general, the availability of P increased with the high dose of fertilizer in all
treated plots.

The analysis of fertilized plots indicated that there were significant effects of the application
on the concentration of available P in soil. Particularly P, (66 kg™™) compared with control.
Therefore, P fertilization was able to raise the P status of the soil. According to analysis K-
fertilization increased potassium concentration of the soil K (134 kg™) and K3 (201 kg™)
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compared with control. This was also confirmed in the earlier work (Paulos Dubale, 1994 and
Hofner and Schmiitz, 1994).

Table 1. Some descriptive statistical on indicator parameters of soil samples collected
from over 15 years fertilized experimental plots.

Parameters Mean Std. Error Std. Deviation Variance
Nitrogen (%) 0.25 0.00 0.03 0.00
Organic Carbon (%) 2.96 0.04 0.30 0.09
Phosphorus (ppm) 5.00 0.74 5.90 34.86
pH 4.57 0.06 0.45 0.20

Soils were analyzed for pH, CEC, Organic carbon and NPK (Table 2). As a result it was
observed that soil pH in the fertilized soils showed a decreasing trend (acidity increased) and
available Phosphorus in fertilized soils increased significantly owing to its low mobility.

Table 2. Physical and chemical properties of long term fertilized and unfertilized plots.

Lab. No Site Description N P K C
" 9%) | (ppm) | (mer100g) | (96)| “=°
Fertilized 15 to 20 years 6.0 1018| 7.2 0.93 1.8 | 34.60
“ “ “ 52 |0.22| 2338 1.13 2.7 | 26.60
“ “ “ 48 [0.21| 15.8 0.53 2.8 | 32.40
“ “ “ 49 1021 | 241 0.50 2.5 130.00
“ “ “ 55 /10.27| 36.6 1.08 3.0 [28.00
“ “ “ 47 1022 | 824 0.71 3.9 123.60
“ “ “ 55 /0.21| 65.3 0.66 3.5 ]28.20
“ 6.1 |0.22| 40.6 0.89 3.5 127.60
From unfertilized adjacent fields 57 1022 3.6 0.67 3.6 | 27.00
“ “ “ 6.1 1018 2.8 0.78 3.3 129.60
0.53/0.03 | 26.72 0.24 0.63| 3.10
0.17/0.01| 8.06 0.10 0.2 ] 0.98

(22121 EN
=l OO N[OOI~ WIN |-
mUO

The total nitrogen content of the soils was generally low to medium 0.18 to 0.27%. The
exchangeable potassium in soils was high. However, the level of K did not show significant
differences compared to unfertilized sites. CEC value was medium to high and there was no
significant different between long-term fertilized and unfertilized plots. This may be due to
the relatively high organic matter in this heavy textured soil.

The results of laboratory analysis (Table 3) showed that the availability and concentration of
micronutrients in all cases increased with decreased soil pH ranges in critical level. The Cu
contents varied 2.7 to 4.5 ppm and showed higher value in the soil. The iron and manganese
contents of the soil are high and tend to be excessive range. The high Mn and Fe
concentration in soil were certainly due to the low pH of the soil, which all were below pH 6.
Therefore, by raising the soil pH the availability of Mn and Fe could be reduced and
possibility of its toxic effects eliminated.

From Table 3, it was evident that application of fertilizer increased the availability of
micronutrients available Zn, Cu, Fe and Mn in all case compared to unfertilized plots. Similar
results had been reported (Prasad. B. nad Jinna N.P, 1982). These results indicated that the
solubility of these micronutrients was generally found to increase in decrease soil pH.
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Table 3. Status of Micronutrient of soil on long term fertilized fields of coffee.

Lab. Site Description DTPA- Soluble micronutrients (ppm)
No Fe Mn Zn Cu
1 |Fertilized 15 to 20 years 32.8 148.2 2.8 3.2
2 “ “ “ 58.1 124.5 3.3 3.7
3 “ “ “ 46.5 131.5 2.3 3.7
4 “ “ “ 49.8 155.9 2.7 3.1
5 ¢ “ “ 52.8 101.8 2.9 3.1
6 “ “ “ 63.2 219.1 5.5 4.5
7 “ “ “ 61.9 131.9 3.0 2.7
8 “ “ “ 68.4 172.6 3.3 4.2
9 |From unfertilized adjacent fields 32.4 157.2 1.9 3.2
10 “ “ “ 48.9 109.1 2.1 3.3
S.D 3.8 10.8 0.34 0.74
S.E 12.1 34.1 1.1 0.6

Table 4. Correlation cofficient (r) for relationship between organic carbon and available
micronutrients, pH and available micronutrients.

r- value
Organic carbon and Fe 0.674**
Organic carbon and Mn —0.288*
Organic carbon and Zn 0.248
Organic carbon and Cu 0.131
pH and Fe —0.159
pH and Mn 0.161
pH and Zn —0.371**
pH and Cu 0.068

* and ** = significant at p 0.05 and 0.01 respectively.

Table 5. Correlation cofficient (r) for relationship between organic carbon and available
macronutrients, pH and available macronutrients.

r- value
Organic carbon and Nitrogen 0.621**
Organic carbon and Phosphorus 0.292*
Organic carbon and Potassium 0.161
Organic carbon and pH —0.354**
pH and Nitrogen -0.115
pH and Phosphorus —0.368**
pH and Potassium 0.395**

* and ** = significant at p 0.05 and 0.01 respectively.

Relation between available micronutrients and organic carbon, pH and available
micronutrients are presented in Table 3. It was shown that available Iron positively correlated
with organic carbon (OC). The available Manganese was also correlated negatively, however
the relation was not significant in Zinc and Copper. Presumably organic matter promotes the
availability of these nutrients. Further, the available copper, iron and manganese did not
correlate significantly with the soil pH. But, it was negatively significant with zinc.
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According to the classification of the limiting value on DTPA soluble Zn, Fe, Cu and Mn, in
soil solution the concentrations found to be not below the limiting value. Therefore,
deficiencies are rare in soils (H6fner and Schmitz, 1984).

The available micronutrients increased with soil pH and percent organic matter. The total
Nitrogen and phosphorus positively correlated with soil organic matter. Exchangeable
potassium positively was not correlated with soil organic matter. The available P and
exchangeable potassium highly correlated with soil pH; hence, the total nitrogen content did
not correlate with soil pH (Table 5).

CONCLUSION

Chemical fertilizers applied long term to the soil can provide crops specific ingredient
elements, but not with all essential elements they need. Hence this long-term application of
chemical fertilizer might cause some plant nutrients to be depleted and other to be deposited
in excess in the soil, and consequently the acidity of the soil increased.

The application of P- fertilizer was effective in every case, while K application had a positive
effect only at higher application rate. In continuous application of P fertilizers, soil
phosphorus undergoes significant changes both chemical form and its build up was highly
observable. In the long-term mineral fertilized plots demonstrate that organic matter highly
significantly correlated to Nitrogen, phosphorus and pH soil reaction. Therefore, a continuous
supply of organic materials must be added to maintain soil productivity.

RECOMMENDATIONS

The total effect of continuous cropping with various soil fertility treatments have contributed
towards improving the macro and macronutrients status of soil. The form and application of
Nitrogen fertilizer should be considered the soil reaction with lower pH values below 5. It is
advisable to use Ca- containing N and P fertilizers, which are able to correct the soil reaction.
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Silicon sources have increasingly been used. Silicon (Si) has long been known to reduce the
incidence of fungal diseases in a number of pathosystems (Belanger et al., 2003; Rodriguez et
al., 2003; Botellho et al., 2005; Fauteux et al., 2005), but its mode of action in plants remains
unclear, although it seems that Si acts on general mechanisms, common to most plant species.

It has been shown that Si could act as an enhancer of plant defense responses or as an
activator of strategic signaling proteins. Considered to be biologically active, Si triggers a
faster and more extensive plant defense by interacting with several key components of plant
stress signaling systems ultimately leading to induced resistance against pathogenic fungi
(Fauteux et al., 2005)

Based on their observations with cucumber, Fawe et al. (2001) suggested that the Si
bioactivity is compared to the action of secondary messengers of systemic acquired resistance
(SAR), Thus, Si would act as a modulator influencing the timing and extent of plant defense
responses. The effects of Si on secondary metabolism are achieved only after elicitation, as
well as the known activators.

Coffee defense genes, against H. vastatrix, have been isolated and identified in resistant plants
(Fernadez et al., 2006; Guzzo et al., 2004). These studies were carried out in different periods
post fungus inoculation and both of them could demonstrate that the expression of defense
genes occurs from the early stages of infection to 72 hours after infection. Those genes were
also identified in susceptible coffee plants treated with the elicitor BTH. With these results we
could observe that even susceptible coffee plants can react against infection process by
enhancing the defense mechanisms through elicitation.

The aim of the present study was to verify the efficacy of silicon sources in reducing coffee
leaf rust in susceptible plants in order to establish a new method of disease control.

MATERIAL AND METHODS
Coffee plant

The seeds of Coffea arabica cv. “Mundo Novo” (IAC — 388-17-1), susceptible to race Il of
Hemileia vastatrix, used in this study, were donated by Cooperativa Garcafé, Garca SP/Brazil.
These seeds were surface sterilized with 2-5% sodium hypoclorite for 15 minutes and were
then washed three times in sterile distilled water. The germination occurred in seedling
containers filled with sand until cotyledonary leaves were fully developed, about 60 days after
planting. Following leaf development, the seedlings were transplanted to plastic vases and
kept in greenhouse. All fertilization recommended procedures were performed.

Silicon Treatments

Immediately after the transplant, the coffee seedlings were divided into two groups, according
to fertilization treatments: 1- fertilized with calcium/magnesium silicate; and 2- fertilized with
potassium silicate. Both groups were completely randomized design in a total of 12 treatments
with ten plants per treatment. The treatments were 0, 0.25, 1.25, 2.5, 4 and 5 uM of Si for
each source of silicon incorporated into soil

Inoculum and inoculation procedure

Urediniospores of Hemileia vastatrix Berk. Et Br., race Il were used in the experiments. They
were collected from field naturally infected leaves, cv. “Mundo Novo” at Fazenda Santa Elisa
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— SP/Brazil. The collection procedure involved scraping off young rust pustules, drizzling the
material and wrapping up the spores in polypropylene tubes. The tubes containing the spores,
were then stored in constant temperature chamber at —-80 °C until the determination of
germination rate. Spore batches with less than 15% of germination rate were not used for
inoculation procedures.

In order to prepare the inoculation, the selected urediniospores were activated by placing the
tube in a water bath at 40 °C for 10 minutes. Spores were suspended in distilled water at a
concentration of 2 mg.mL™ and the suspension was maintained homogeneous during all the
time of inoculation. Coffee plant seedlings at the seventh month of germination were
inoculated with the solution described above. This solution was sprayed on the seedling
leaves so that it would entirely cover the abaxial surface with droplets. After the inoculation
the plants were placed in a humid dark room at 25 °C for 48 h.

Disease assessment

The evaluation of symptoms was performed by counting the number of lesions per leaf area of
each leaf inoculated.

Statistics

Twelve treatments and ten replicates were used. Regression analysis was used to investigate
whether silicon concentration and sources affected the number of lesions. In all regression
analyses, the percentage variance accounted for (R%) was used to assess goodness of fit.
Analyses were done using SAS ver. 8-2 (SAS Systems, Cary, NC, USA).

RESULTS AND DISCUSSION

The symptoms of coffee leaf rust disease were observed 60 days after inoculation in all
inoculated plants. The statistical analysis showed that the number of lesions reduced up to
66% in the highest silicon dose when compared to the number of lesions in control plants.
Infected plants were found to have a linear decrease of lesions with the increase of silicate
concentration. The lowest number of lesions per leaf area was observed in plants that received
5 UM of Si from potassium silicate (Figures 1 and 2).

——— - —— - — — —

0 20 40 60 80 100 120 140 160
Doses de Si (ppm)

Figure 1. Regression analysis of the total number of lesion in coffee plants treated with
calcium/magnesium silicate. Regression curve: 0,9184 + 0,0001 x dose. F value = 0.8272;
R2 =0.987.
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