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SUMMARY

The influence of normal and extreme weather conditions on the dynamics of
hop growth, of cones development and accumulation of e-acids during three
years of cultivation of hop ov. Aurora has been studied. The results of the
comparative study show the dependence of the start of blooming and time
period from second shooting (F3) on flowering (F7), yield of the hop cones
and share of c-acids in the dry matter of cones.

It has been concluded that the increasing sum of effective wmperature has
a negative influence on the yield of hop cones and accumulation of e—acids.
The increase of temperature and drought during year 2003 caused decrease
of the yield of hop cones from 1800 © 900 kg/ha and the share of n—acids
from 115 to 6.2 % when compared to “good hop year” (2001).

KEY WORDS

hop, Aurorz, dynamics of hop growth, accumulation of a-acids

1 College of Agriculture at Krifevel, M. Demerca St. 1, 48260 KriZewd, Croada
#Smre Dept. of Meteorology, Grit 3, 10000 Zagreb, Croarh

3 Faculty of Food Technology and Biotechnology

Fieromijeva 6, 10000 Zagreh, Croatia

*Corresponding author: §. Srefec

E-mail: sreckol2(@nethe

Received: May 4, 2004

Fics

Agriculturae Conspectus Scientificus, Vol. 69 (2004) No. 2-3 (59-62)

59

60

Sinita SRECEC, Ivka KVATERNJAK, Draen KAUCIC, Viadimir MARIC

INTRODUCTION i 3
The dynamics of hop growth, generative development 0 [ O
and the accumulation of a-acids have a very strong a0 .
impact on yield and quality of hop cones (Howard 1
and Tatwhell, 1956, Kralj, 1962, Hacin, 1987, Zmrazlak, Em E
1991, Zmrzlak and Kajfez-Bogataj, 1996). These g-m s E
phenomena in hop plant physiology depend on ) B
the interaction between cultivar and environmental e - =
conditions (Knapi¢ and Oset, 1995, Majer, 1995). i —a— Loyt =em s
Climatic conditions as well as the level of provided . .

tillage and fertilizing have strong impact on hop
growth and development and accumul ation of a-acids
in hop cones. The aim of this research is to determine
the dynamics of hop growth and development as
well as a-acid accumulation in vegetation years with
normal and extreme weather conditions, in order to
plan, organize and apply all agriculiural measures
and begin hop harvest at the right time to minimize
the toml loss of o-acids.

MATERIALS AND METHODS

Research was carried out on hop ov. Aurora planted
in hop garden near the village of Gregurovec (close
to Krizevei), during the three vegetation years
(2001, 2002 and 2003). The height of hop plants
was measured by tape measure. The content a-acids
was determined by the method of lead conductance
value of hops, powder and pellets (Analytica-EBC,
T4, 1998) and dry matter content by the method of
moisture content of hops and hop products (Analbytica-
EBC, 7.2, 1998). All the values of hop height during
different phenological stages were transformed
by logarithmic transformation, after preliminary
testing of the least significant differences of the plant
height in pair plots. Correlation between effective
temperatures |E(Mw—5°ﬂ)] and o-acids
as well as dry matter accumulation was determined
by Spearman’s coefficient of rank correlation (Little
and Hills, 1978). Meteorological data were collected
at the Field Station of Agro meteorology in Krizevei,
which is five kilometers from hop garden location
by air.

RESULTS AND DISCUSSION

Dynamics of hop growth and development during
2001 and 2002 were regular (Fig. 1 and 2). It can
be seen that vegetative hop growth in the year 2001
was finished before the end of June, which is very
favorable for the generative development of hop
cones. The most intensive hop growth was during the
first half of May. Weather conditions during 2001 had
the positive impact on the dynamics of hop growth
and development of cones. Therefore that year was
considered as a typical Yhop yeard2Total rainfall from
hop pruning to the end of hop harvest was among
500 mm. Furthermaore, it was distributed very well
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Figure 1. Dynamics of hop growth in 2001 «v. Aurora
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Figure 2. Dynamics of hop growth in 2002 cv. Aurora
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Figure 5. Dynamics of hop growth in 2003 o, Aurora

during vegetation, particulardy in the most critical
stages of growth and development, in May (47.2 mm
of wtal minfall, average month air temperature of
17.4°C) and June (899 mm of minfalls, average month
air temperature 1797C).

Although it was sufficient in the year 2002, total
rainfall {514 mm) was not well distributed during the
hop vegetation, particularly in June (only 53 mm).
Nevertheless, it did not have a negative impact on the
dynamics of hop growth and development, thanks to
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tillage in May and June and preserved soil moisture
reserves (otal minfall in April was 118 mm).

Next year (2003) was extremely dry {only 264 mm
of total minfall) as a consequence of an umisually
stable area of high air pressure, the so-called ‘Omega
layers” (Engelhard, 2003). The result was a completely
irregular hop growth and cone development, which
is quite visible from the logarithmic curve of growth
imtensity (Fig. 3).

High temperatures and insufficient rainfall ar the
heginning of April (average temperature 10.3°C
and only 22.4 mm of rainfalls) caused an early
start of the generative development stages. At
the beginning of June (5 June) the highest plants
started flowering in spite of the fact that they had
not finished their vegetative growth (average plant
height was 550 cm). Irregularity was connected with
the extremely high wmperature and the sum of the
effective temperatures (6237C). The result was an
early flowering after pruning, which corresponds
to a data from the literature (Kralj, 1962, Zmrzlak,
1991, Zmrzlak and Kajfei-Bogatj, 1996.). The basic
feature of such iregular hop growth and hop cones
development during 2003 was faster generative
development in comparison with vegetative growth.
The consequences are significantly low yield and
decrease of the quality of hop cones in comparison
with years 2001 and 2002 (Tab. 1).

The reductions in cone and a-acid yields caused by
drought were recorded all over Central Europe in
year 2003, particularly in Slovenia, Czech Republic
and South Germany {Bavaria, Hull region). For
example, in Hilll region as well as all over Germany,
there was less than 50% of normal rainfall; in some
parts it was only 29% (Engelhard, 2003).
According to Howard and Tatchell, the curves
of accumulation of a-acids show non-linear
trend (Howard and Tatchell, 1956). By using the
Spearman’s coefficients of rank correlation, the srong
correlation was found between o-acids and dry
matter accumulation in hop cones n=076 [Zd*=168,
Fexp=18.7** (F (1%)=8.86)] (Srefec, 2003). However,
it is possible to conclude that increasing sum of
effective temperatures has a negative impact on the
accumulation of a—acids in hop cones (Fig. 4) during
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Figure 4. Impact of the increase of effective temperatums on
a-acids accumulation in bop cones of &v. Aurora
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Figure 5. Impact of the increase of effective temperatures on
dry matter accumulation in hop cones of &v. Aumra

the stage of technological maturity (F9), n=-0.6
[Ed*=1096, Fexp=44 (F (0%)=3.10)]. On the other
hand, the increase of effective wmperatures has a
positive influence on the accumulation of dry matter
in hop cones (Fig. 5) at the same stage (F9), rs=0.65
[Ed*=128, Fexp=8.02* (F5%)=4.84)].

These results are in line with Hacin's results (1987)
hased on microscopic studies of the formation of
Iupulin glands. He described the stage of blooming
(E7), formation of hop cones (F8) and the stage
of wchnological mamrity of hop cones (F9) as the
most important stages for final yield of bop cones
and a-acid accumulation. He also found a total
correlation between total rainfall and yield r=0.92)

Figure 6. Accumulation of a—acids in hop cones of ov. Aurora during the technological maturity (F9) in extreme drought

conditions in 2001, 2002 and 2005

Year Blooming Number of days from second Hop cone viekl Share of c-ackls
(Starl) shooting (F3) to Towering (FT) (kgha (% in dry matier)

200 236 57 1800 115

A0z 86 2000 102

205 54 5 G0 6.2

LSD=5% 101 7

LSh=1% 254 148
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Figure 6. Accumulation of a—acids in hop cones of ov. Aurora
during the technological maturity (F9) in extreme dmught
conditions in 2001, 2002 and 2003

and very strong correlation berween wtal rainfall and
a—acids content {r = 0.89) for hop cultivar Aurora.
According w Hacin high temperatures (above 20°C)
from the end of April o the end of May, cause faster
vegetative growth and earlier blooming and hop
cones formaton on lower insertions of hop plants.
In relation to this, number of hop cones on the
upper insertions decreased as well as the votal yield,
because the hop cones on the lower insertions cannot
compensate the number and size of cones on upper
plant insertions.

This is confirmed by our observations during the
extreme drought in 2003, In April, May and June
2003 vegertion year, average emperatures varied
hetween 10.3°C in April w0 23.57C in June. Moreover,
maximum temperatures in May were even higher
than 32°C and definitely caused earlier blooming, So,
very poor yield of hop cones of ov. Aurora in 2005 is
the consequence of the extreme heath (Tab. 1).

In conditions of extreme drought during the stage
of technological maturity of hop cones (F9), it is
completely impossible to plan and organize hop
harvest at the right time in order to “catch” the wp
of the o-acid accumulation curve (Fig. 6). However,
invegetation years with normal vegetation conditions
hop harvest of cv. Aurora in north west Croatia
(particularly in Sub-Kalnik region) should be done
from 15 August to 5 September at the latest, in
order o minimize total loss of a—acids during hop
processing into hop pellets and/or storage time of
the hop cones in bales (Srecec, 2003).

CONCLUSIONS

Sum of effective temperatures and wtal minfall have
a very strong influence on yield of hop cones and
content of o-acids.

acs69_09
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Extreme drought during the vegetative growth (F3,
F4 and F5) and high temperatures (with maximum
values above of 30°C) cause earlier blooming and
hop cones formation on the lower insertion of hop
plants and on the other hand weak cones formation
on the upper plant inserton,

Sum of effective temperatures have a negative impact
on the accumulaton of a-acids in hop cones during
the stage of technological maturity (F9), rs=4.6,
but increase of effective temperitures has a positive
influence on the accumulation of dry matter in hop
cones at the same stage (F9), rs=0.65.

In the conditions of extreme drought during the
stage of technological maturity of hop cones (F9), it
is completely impossible to plan and organize hop
harvest at the right time in order @ “catch” the top
of the a-acid accumulation curve.
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2. Korak: Determinirati uvjete koji su
presudni za ekspresiju neke pojave



ORIGINAL SCIENTIFIC PAPER 161

Influence of Climatic Conditions on
Accumulation of a-acids in Hop Cones

Sinisa SRECEC 1(®)
Ivka KVATERNJAK !
Drazen KAUCIC 2
Andrija SPOLJAR !
Renata ERHATIC !

Summary

The influence of climatic conditions on accumulation of a-acids was
determined during the six years (2001 - 2006) of stationary experiment in

hop cultivar Aurora. The research results show that increasing sum of effective
temperatures during the technological maturity stay in negative correlation
with accumulation of a-acids in hop cones (r = - 0.39*), whereas total rainfalls
stays in positive one (r = 0.46*) At the same time sum of hours of sun shining
stay in not significant negative correlation with the accumulation of a-acids

(r = - 0.38). The results of factorial analysis show significant positive multiple
correlation between sum of effective temperatures and total rainfalls with
a-acids accumulation (multiple r = 0.6232**) and at the same time show a
significant positive multiple correlation between total rainfalls and sunshine
hours with a-acids accumulation (multiple r = 0.5492*). However, there was a
very strong negative influence of reference crop evapotranspiration during the
phenological phase of hop cones formation on yield of hop cones and of a-acids
(rg = - 0.75* and - 0.88*, respectively).

The total rainfalls during the hop vegetation in interval of [212.1; 391.8] mm
and also the sum of effective temperature in interval of [1601.74; 2000] °C
caused the a-acids accumulation in hop cones of cultivar Aurora in interval

of [7.41; 12.35] % in dry matter. It is important to point out that the level of
provided tillage, plant protection measures and fertilization was the same in all
six experimental years, which excluded their effects on accumulation of a-acids.

These results could possibly contribute in creating a model of predication of
a-acids accumulation and beginning of hop harvest.

Key words

a-acids, effective temperatures, total rainfalls, reference crop
evapotranspiration, correlations
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Influence of Climatic Conditions on Accumulation of a-acids in Hop Cones

ference of analytical value than 1 % (Rys = 1) of a-acids,
which were further statistically analyzed.

Statistical analysis of experimental results was provided
by descriptive statistics, linear and multiple correlations.
Factorial analyses between sum of effective temperatures,
total rainfalls, hours of sun shining (as independent varia-
bles) and a-acids (as dependent variable) were determined
by linear and multiple correlations. Correlation between
reference crop evapotranspiration and a-acids share in
hop content was determined by Spearman’s coefficient of
rank correlation (Vasilj, 2000; Little and Hills, 1978). All
calculations were provided by using the STATISTICA 7.0
software.

Results and discussion

Comparisons of differences of plant nutrients supply
of soil, such as P,O5, K,0 and nitrogen content, from the
beginning to the end of hop vegetation, were not signifi-
cant between and within the all six experimental years,
thus all the differences in a-acids accumulation were ex-
plained as the influence of climatic conditions in differ-
ent crop years.

Linear correlation analyses of meteorological data and
analytical values of a-acids in dry matter of hop cones
from second germination after the hop pruning (F;) to the
stage of technological maturity (Fy), showed the medium
correlation between the total rainfalls and a-acids in hop
cones, r = 0.46% Toxp (1) = 2.5 trabp=soey = 2.06 (Table 1).
This result stays in line with Hacin’s results (1987), who
found a strong positive correlation between total rainfalls
and a-acids content in cultivar Aurora.

On the other hand, sum of effective temperatures stays
in negative correlation with accumulation of a-acids,
r=-0.39%, tsxp.(r) =2.166; ttab.(F:S%) =2.06 (Table 1), which
confirms the results of previous research (Srecec et al. 2004),
in which the sum of effective temperatures has negative

impact on the accumulation of a-acids in hop cones of cul-
tivar Aurora (r, = - 0.6, Fy, = 4.45 Fiypy (poyg0p) = 3.10).

Such phenomena could be explained by the negative
correlation, determined by Spearman’s rank of coefficients,
during the phenological phase of hop cones formation
F8, between reference crop evapotranspiration (ETg) and
yield of hop cones, rs = - 0.75* (p<0.05) as well as between
ET, and yield of a-acids in the same period, rs = - 0.88*
(p<0.05) (Figure 1).

exp.

3 03
3 Hop cones ¢ Alphaacids ’
25 o ——Linear (Hop cones)  ——Linear (Alpha acids ) 025 &
. 5 2
= o 8 £
£ 2 © 02 2
[ >
38 ° 0,15 %
> L3
g 1 01 =
& N o &
205 005 <
g © ’
I
0 0
445 506 491 426 42 55
Eto (mm day)

Figure 1. Influence of reference crop evapotranspiration
(ET,) during phenological phase of hop cones formation (July
of 2001 - 2006) on yield of hop cones, r, = - 0.75* and yield of
a-acids r, = - 0.88* (p < 0.05)

The beginning of phenological phase of hop cones for-
mation (Fg) is usually in first decade of July and sometimes
continues to the end of first week of August. Usually in
that period high temperatures are very often and natu-
rally cause increasing of evapotranspiration. That period
of high temperatures and high daily reference crop eva-
potranspiration can cause not only decrease of a-acids
yield, but even decrease of yield of hop cones, because of
complete positive correlation between yield of hop cones
and yield of a-acids, ry=0.89* (p < 0.05) (Figure 2). These
results are possible explanation of Majer’s results (1997)
who obtained that water stress during July and beginning

Table 1. Variability and influence of climatic factors on u-acids accumulation in hop cones cv. Aurora

Statistical parameter  Sum of effective temperatures (°C) Total rainfalls (mm)  Sunshine hours (insolation) a-acids (%)
(y - variable)

} 1800.2 301.95 1128.42 9.88

S 198.26 89.85 101.19 247

Tis [1601.74;2000] [212.1;391.8] [741;12.35] [7.41;12.35]

N X 38.15 17.29 19.47 0.47

Wivssy [1762.05; 1838.35] [284.66 5 319.24] [1108.95; 1147.89] [9.41;10.35]

r -0.39* 0.46* - 0.38NS -

Sr 0.18 0.1778 0.185

tesp (1) 2.166 25 2.05 -

£ tab.(p=s%) 2.06 2.06 2.06 -

T tab. (P=1%) 2.79 2.79 2.79

(In linear correlation analysis content of u-acids was treated as dependent variable in comparisons with each climatic factor)
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Figure 2, Correlation between yield of hop cones and yield
of a-acids, r, = 0.89* (p < 0.05)

of August cause a significantly reduction of: stomatal con-
ductivity, net photosynthesis, weight of green mass, cones
and roots and finally yield of hop cones.

However, medium multiple correlation was obtained,
multiple r = 0.62** (p = 0.0027, n = 27), between sum of
effective temperatures and total rainfalls as independent
variables and share of a-acids (dependent variable), and
also medium multiple correlation, multiple r = 0.55* (p =
0.0135, n = 27), between rainfalls and hours of sunshine
as independent variables and share of a-acids (dependent
variable) from second germination of hops after pruning
(F3) till technological maturity of hop cones (Fs) (Figure
3and4).

Comparing the experimental data it was obvious that
total rainfalls during the hop vegetation in interval of
[212.1; 391.8] mm and also the sum of effective temper-
ature in interval of [1601.74; 2000] °C cause the a-acids
accumulation in hop cones of cultivar Aurora in inter-
val of [7.41;12.35] % in dry matter (Fig. 3). However, be-
cause of significant multiple correlation of total rainfalls
and hours of sunshine on accumulation of a-acids (mul-
tiple r = 0.55%, p = 0,0135, n = 27) it is facultative possi-
ble to accept the fact that hours of sunshine in interval of
[1027.23; 1229,61] hours can cause a-acids accumulation
in hop cones of cultivar Aurora in interval of [7.41;12.35]
% in dry matter (Fig. 4).

On the basis of that, it is possible to suggest follow-
ing equation:

multiple r = 0.6232; p = 0.0027

Figure 3. Interaction between effective temperatures and
total rainfalls on a-acids accumulation in hop cones (from
second germination of hops F, till technological maturity of
hop cones F, during the research years 2001 - 2006)

F,, mean second germination after pruning

Fy mean technological maturity (harvest time)

ET vy mean average daily reference crop evapotran-
spiration in July (mm day-?)

These results stays in line with Kralj's results (1962)
with some exceptions; firstly, Kralj provided her experi-
ment with cultivar Savinjski Golding that has a shorter
vegetation in the comparison with cultivar Aurora and
secondly the experimental period in Kralj's rescarch was
beginning of hops vegetation, which consist F, pheno-
logical phase.

However from practical view, sometimes is complete-
1y useless to consider the effects of climatic conditions on
hop yield and quality from F; to Fg phenological phase,

A= fiTRD — A() PYRTRT) b f(T(E[lm u,:om]);R(?[:x: 1,991 spzlq;s’:[mn 2129 et])) © ETorm < 4.5
b ’ L]

where:

A, mean a content of a-acids in % of dry matter

T, mean a sum of effective temperatures (*C) from
second germination to hop harvest

R, mean a total rainfalls (mm) from second germina-
tion to hop harvest

I, mean hours of sun shining from second germination
to hop harvest

because of possibly excessive rainfalls during the March
and April that cause water saturation in soil and impossi-
bility of tillage and spring hop pruning. From that reason
we chose the second germination of hop after the spring
pruning or F, as more important phenological phase for
commercial hop production.

It is very important to point out that the most critical
vegetation period for hop yield and quality determination
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3. Korak: Ustanoviti kako djeluju
prethodno determinirani uvjeti.
Odgovoriti na pitanje: Koji su
mehanizmi djelovanja prethodno
determiniranih uvjeta?
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Summary

Hop glandular trichomes are developing on the epidermis of hop cones bracts. The
anticline cross cut of hop peltate glandular trichomes in Environment Scanning
Electron Microscopy (ESEM) observations confirmed spheroid shape of cells. In our
research, length of internal peltate glandular trichomes cells varied from 16.00 to

21.47 pum, width from 4.21 to 4.70 pm and volume from 1.19 x 10-6 to 1.99 x 10-6 mm>.

The diameter of cell walls varied from 2.11 to 2.94 um. Volume of observed peltate
glandular trichomes varied from 1.65 x 10-2 to 1.95 x 10-2 mm®. The cell structure
of bulbous glandular trichomes in anticline cross cut was not observed. According
to 121 observations, bulbs formation was visible on the surface of peltate glandular
trichomes in the last phase of morphogenesis. Biosynthesis of hop secondary
metabolites and activation of their genetic mechanisms are the most intensive at the
end of technological maturity of hop cones of hop cultivar Aurora. It is possible that
bulbous glandular trichomes represent the final stage of peltate glandular trichome
morphogenesis, instead of being separate morphological formations. During
biosynthesis of hops secondary metabolites partial pressures of liquids and gasses
increase causing breakage of cell walls, which withdraw towards tunica and form
papillary texture.
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Introduction

Hop glandular trichomes are developing on the epidermis
of hop cones bracts. Two types of hop glandular trichomes -
peltate and bulbous were described by Oleveira and Pais (1988,
1990). Mentioned authors found that fully developed peltate tri-
chomes are built of a glandular head consisting of 30 to 72 cells,
four stalk cells and four basal cells. On the other hand, bulbous
trichomes were also formed from a protodermal cell by an an-
ticlinal division, followed by two periclinal ones which produce
the initials of the glandular head cells, and the basal and stalk
cells. Moreover, according to the same authors, fully developed
bulbous trichomes consist of four (occasionally eight) head
glandular cells, two stalk cells and two basal cells. The density
of peltate trichomes decreased with the expansion of the leaves.
However, both glandular trichomes, also referred to as secretory
or peltate trichomes, are lypophilic glands comprising a group
of secretory cells and a cuticle-enclosed cavity that fills with
the secreted compounds (Oliveira and Pais, 1990; Saito et al.,
1995; Kim and Mahlberg, 2008; Wang et al., 2008). The plastids
in glandular trichomes have less-defined membrane structures
than chloroplasts and may be associated with synthesis and/or
secretion of secondary metabolites, such as terpenoids and fla-
vonoids (Oliveira and Pais 1990; Wang et al., 2008). There are
seven morphological development stages of peltate glandular tri-

chomes and also the relationship between their morphogenesis
and accumulation of secondary metabolites was well described
(Saito et al., 1995; Hirosawa et al., 1995; Ceh et al., 2007; Nagel
etal., 2008; Wang et al., 2008). However, development of lupu-
lin glands is strictly divided into a growth phase and biosyn-
thetic-secretory phase.

After slightly detaching of cuticle from the glandular head
cells there was a strong activity of VPS gene, encoding valero-
phenone synthase that is involved in the first steps of bitter resins
(a-acids) biosynthesis (Sugiyama et al., 2006). The biosynthesis
of hop secondary metabolites is divided into three biosynthet-
ic pathways A, B and C (Wang et al., 2008) (Fig.1). VPS gene is
active in C pathway of biosyntesis of terpene derived hop natu-
ral compounds. It is important to point out that the final step
of C pathway is biosynthesis of humulone or a-acids, which is
the most important hop compound (Nagel et al., 2008; Wang
etal., 2008). The accumulation of humulone or a--acids is most
intensive in third and fourth week after hop flowering (Wang
etal., 2008).

The aim of this research was to provide the comparative stud-
ies of hop peltate and bulbous glandular trichomes in order to
find the changes in their morphology and structure from the
beginning till the end of glandular trichomes morphogenesis.
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Materials and methods

Research was carried out in the hop garden of Hop Co-
operative in Gregurovec (northwest part of Croatia), during veg-
etation year of 2009. Considering the weather conditions during
the hop vegetation, the year of 2009 was completely normal in
the comparison with data of multiyear climatological monitor-
ing. From the beginning of technological maturity (August 10)
till the end of hop harvest (September 15), five samples of hop
cones were collected from hop plants of cultivar Aurora. The
samples were collected from upper parts of the same plants.
The 121 ESEM observations of hop glandular trichomes mor-
phology and structure were provided on bracts separated from
central string (rachis) of the chosen hop cones, which were of
approximately equal length and diameter. The cross sections
of peltate glandular trichomes were made with surgical scalpel
(for neurosurgery operations). In ESEM studies, Philips XL 30
ESEM (detector: Edax, type PV 9760/68 ME, resolution 134.30
eV and BSE detector: Philips PW 6848/00) and software EDAX
Genesis v.5.21 were used. Photographs were taken at an accel-
erating voltage of 25 kV under recording time of 5 seconds and
diameter of observed area was 10 mm.

Volume of peltate glandular trichomes and their cells was
calculated by following equation for volume calculation of sphe-
roid bodies (1):

V=4ir-a’b (o]

a= width (distance between two points on x-axis in um)

b= height (distance between two points on y-axis in pm)

Results and discussion

It was obvious that phases of morphogenesis (Fig. 2) in
general correspond with the results of Saito et al. (1995) and
Hirosawa et al. (1995).

Volume of observed peltate glandular trichomes varied from
1.65 x 102 mm® to 1.95 x 102 mm?, depending on phase of mor-
phogenesis. The cells of hop peltate glandular trichomes in an-
ticline cross cut had spheroid shape. Volume of internal peltate
glandular trichomes cells varied from 1.19 x 10-6 to 1.99 x 10-6

-
Det WD

Figure 2. Hop peltate glandular trichomes in different
phases of morphogenesis (magnification 84x, bar = 200 jum)

AccV Spot Magn  Det WD
25.0kV 66 1041x  GSE 14.2 0.9 Torr XL-30 D12
"

Figure 3. Anticlinal cross cut of peltate glandular trichome
(magnification 1041x, bar = 20 pum)
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GSE 16.4 0.9 Torr 1.0 Torr XL-30  GMrsic

Figure 4. Anticlinal cross cut of bulbous glandular trichome
(magnification 240x, bar = 100 pm)

0 pm
GMrsic

Figure 5. Formation of bulb on peltate glandular trichome
(on left side of microphotography) in the last phase of
morphogenesis (magnification 167x, bar = 200 um)

acs

Agric. conspec. sci. Vol. 75 (2010) No. 3



Acta Bot. Croat. 70 (1), 1-8,2011 CODEN: ABCRA25
ISSN 0365-0588

eISSN 1847-8476

DOI: 10.2478/v10184-010-0017-2

Morphogenesis, volume and number of hop (Humulus
lupulus L.) glandular trichomes, and their influence on
alpha-acid accumulation in fresh bracts of hop cones

SINISA SRECEC!, VESNA ZECHNER-KRPANZ*, SANJA MARAGZ, IGOR SPOLJARIC?,
Ivka KVATERNIAK !, GORDAN MRSIC?

!'KriZzevci College of Agriculture, M. Demerca 1, HR-48260 KriZevci, Croatia

% Faculty of Food Technology and Biotechnology, University of Zagreb, Department
of Biochemical Engineering, Pierrotijeva 6, HR-10000 Zagreb, Croatia

3 Forensic Science Centre »Ivan Vudetié, Ilica 335, HR-10000 Zagreb, Croatia

The ESEM investigations revealed the morphogenesis of peltate glandular trichomes,
which was divided into five phases. In phase one, new peltate glandular trichomes were
initiated; in phase two, they were differentiated; in phase three trichomes grew vigor-
ously; in phase four they were determined; in the fifth and final phase they came to maturity.
Volume of glandular trichome during the different phases of morphogenesis varied from
0.25x 102 mm? in phase 1, to 1.95x 102 mm?® in phase 5. More glandular trichomes are
placed on the base of the adaxial side of bracts (average 7 mm2) than on the base of
abaxial side (average 5.8 mm™). In this research, positive Spearman's rank order correla-
tions were found between the average number of glandular trichomes and content of o-acids
as well as between the average volume of glandular trichomes and content of a-acids.

Key words: Humulus lupulus, trichome, morphogenesis, ESEM, alpha-acid

Introduction

Peltate glandular trichomes are micro bodies of spheroid and spherical shape on the epi-
dermis of hop cone bracts in which the hop metabolites are accumulating (OLIVEIRA and
Pais 1988, 1990; Cen et al. 2007; WANG et al. 2008). Seven morphological development
stages of peltate glandular trichomes are described and the relation between their morpho-
genesis and accumulation of secondary metabolites was clarified (SAITo et al. 1995,
Hirosawaet al. (1995). Kim and MAHLBERG (2000) described the early development of the
secretory cavity of chemically fixed peltate glands in hop. The same authors found light
and gray secretions on the irregular inner surface of the cuticle. Moreover, they described

ALPHA ACID ACCUMULATION IN GLANDULAR TRICHOMES

Volume of peltate glandular trichomes was calculated by following equation for volume
calculation of spheroid bodies:

a= width (distance between two points on x-axis in pm)
b= height (distance between (wo points on y-axis in yum)

The data analyses were provided using the t-test for dependent samples and calculating
the least significant differences in order to find significant differences between the number
of glandular trichomes on the abaxial and adaxial sides of the bracts and also between the
volumes of glandular trichomes in different phases of morphogenesis. Spearman’s rank
order correlation was also used as nonparametric statistical method (HiL and Lewicki
2006) for the determination of correlations between dimensions and number of peltate
glandular trichomes (independent variables) and level of a-acids. Transformation of
percents of a-acids was done by angular transformation (CHANTER 1975).

During this research a total of 150 ESEM observations of morphology and dimensions
of peltate glandular trichome were provided and also 18 chemical analyses of a-acid con-
tent from six samples of hop cones. Sampling of hop cones was provided every sixth day
during the last five weeks of hop vegetation, which corresponded with the phenological
phases of hop cone formation and technological maturity.

Results

After ESEM observations the morphogenesis of peltate glandular trichomes was di-
vided into five phases. The first phase is the initiation of new peltate glandular trichome
(Plate 1, Fig. I, position 1); second phase is the differentiation of the young trichome (Fig.
1, position 2); third phase is intensive growth (Fig. 2); fourth phase is the phase of detenmi-
nation (Fig. 3): the fifth phase is peltate glandular trichome maturity (Fig, 4).

In this research, significant differences were found between the number of glandular
trichomes per mm? on the base and fat areas of the abaxial side of bracts and also on the
base arca of the adaxial sides of bracts (Tab. 1),

More glandular trichomes are to be found on the bases of the adaxial sides of the bracts
(average 7 mm ~ of glandular trichomes) than on the base of the abaxial sides (average 5.8
mm” of glandular trichomes) (Tab. 1). The smallest number of glandular trichomes is
found on the flat area of the abaxial side of a bract (average 3.12 mm * of glandular tri-
chomes).

According to our studies, we assume that the bulbous glandular trichome is just the
final stage of peltate glandular trichome development during the phenological phase of hop
maturity (Plate 2, Fig. 5).

Average volume of glandular trichome during the different phases of morphogenesis
varied from 0.25 x 10> mm” in phase 1, t0 1.95x 10~ mm" in phase 5 (Tab. 2).

In the same observed area peltate glandular trichomes in different phases of morpho-
genesis (initiation, differentiation, determination, intensive growth and maturity) were
found lying next to cach other (Plate 2, Fig. 6).

ACTA BOT, CROAT. 70:(1), 2011 3
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Plate 1. Morphogenesis and differentiation of glandular trichomes. Fig. 1 — first phase of morpho-
genesis — phase of initiation of young glandular trichome (position 1) and second phase of
morphogenesis — phase of differentiation of young glandular trichome (position 2); Fig. 2 —
third phase of morphogenesis — phase of intensive growth of peltate glandular trichomes:
Fig. 3 — fourth phase of morphogenesis — phase of peltate glandular trichome determination;
Fig. 4 — fifth phase of morphogenesis — phase of peltate glandular trichome maturity

s . ; = ; s, i, 13
Tab. 1. Differences between the number of glandular trichomes (mm™) on abaxial and adaxial side
of bracts (N = 121)

Descriptive

Flat area of abaxial

Base of abaxial

Base of adaxial

statistics side of bracts side of bracts side of bracts
Mean 3412 5.83 6.95
St. Dev. 2.02 4.32 2.62
St. Error 0.18 0.39 0.24
Comparisons Base of abaxial side vs. Base of adaxial side vs. Base of adaxial vs.

flat area of abaxial side
of bracts

flat area of abaxial side
of bracts

base area of abaxial
side of bracts

Diff. of means 2.71%*% 3.82%* 1.16*
St. Dev. Diff. 0.43 0.30 0.45
LSDp=0.05) 0.84 0.58 0.88
LSDp-0.01) 1.11 0.77 1.16
*#:95 % of significance and **: 99 % of significance

ACTA BOT. CROAT. 70 (1), 2011
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Plate 2. Glandular trichomes, morphogenesis and bulbs. Fig. 5 — peltate glandular trichomes in ma-
turity phase (position 1) and formation of bulbs (position 2); Fig. 6 — glandular trichomes in
different phases of morphogenesis on same observed area.

Tab. 2. Volume of peltate glandular trichomes ( 10 mm®)in different phases of morphogenesis (N =36)

D::;::ESZL Phase 1 Phase 2 Phase 3 Phase 4 Phase 5
Mean 0.25 0.37 1.09 1.54 1.88
St. Dev. 0.0075 0.049 0.085 0.154 0.063
St. Error 0.0043 0.021 0.038 0.068 0.023

Comparisons Phase 2 vs. Phase 3 vs. Phase 4 vs. Phase 5 vs. Phase 5 vs.

Phase 1 Phase 2 Phase 3 Phase 4 Phase 3
Diff. of means 0.12%* 0.72%* 0.45%* 0.34%% 0.79%#*
St. Dev. Diff. 0.0015 0.016 0.025 0.027 0.013
LSD (=001 0.004 0.04 0.068 0.001 0.036

##: 99 % of significance

In this study strong positive Spearman rank order correlations were found between
weeks of hop cone maturity vs. number and volume of glandular trichomes found (Fig. 7).

That phenomenon is also visible on microphotographs of HIROsAwa et al. (1995). Posi-
tive Spearman rank order correlations were found between the average number of glandu-
lar trichomes and the content of a-acids (Fig. 8) and also between the average volume of
glandular trichomes and the a-acid content (Fig. 9).

Discussion

These results are in line with the results of HIRosawA et al. (1995) who found increasing
values of total a-acids from the early A-phase to the late G-phase of peltate glandular
trichome development.

According to this study we assume that peltate glandular trichomes after the fifth phase
of morphogenesis are transformed into bulb glandular trichomes (Fig. 5).

ACTA BOT. CROAT. 70 (1), 2011 5
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Fig. 7. Spearman rank order correlations between weeks of hop cones maturity during vegetation
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Fig. 8. Spearman’s rank order correlations between average number of glandular trichomes and
content of a-acids

The cause of such a phenomenon could be an increase of the partial pressure of liquids
and gasses on the cell walls inside peltate glandular trichomes during the biosynthesis of
terpene-derived natural products, particularly a-acids which are the final product in the
carbon pathway of terpene-derived natural products (WANG et al. 2008). This could be an

6 ACTA BOT. CROAT. 70 (1), 2011

ALPHA ACID ACCUMULATION IN GLANDULAR TRICHOMES

18 %3

k]

24 §

16 rs = 0.97; p < 0.05 (for % and transformed values of %) -]

23 E

‘@

P {4

g 14 22 g

e

@ ©

E 5

=y 2 g
b=l

€ 12 3

3 20 8

8 S
5}

® 10 19 8

3 E

(=}

182

8 “o_alpha -% (left) 4

o “0. alpha transformed (right) '

17 o

B2

o 5]

it

=]

6 16
0.0145 0.0150 0.0155 0.0160 0.0165 0.0170 0.0175 0.0180 0.0185 0.0190 0.0195
Average volume of peltate glandular trichomes (mm %)
Fig. 9. Spearman’s rank order correlations between average volume of glandular trichomes and
content of a-acids

explanation for the results of OLIVEIRA and PAls (1988), who found that number of peltate
trichomes decreases with the expansion of the leaves (bracts). However, accumulation of
hop polyphenols, xanthohmol (CEH et al. 2007) and finally humulone or ci-acids (SRECEC et
al. 2008, Mozny et al. 2009, KuCera and KrROFTA 2009) depends on water supply and air
temperatures during the hop vegetation and particularly during the technological maturity
of hop cones.

The phases of morphogenesis in general correspond with the results of OLIVEIRA and
Pais (1988, 1990) and the SEM observations of SAITO et al. (1995) and HIROSAWA et al.
(1995). OLIVEIRA and PAIs (1988) described the morphological differences between peltate
and bulbous trichomes and also found that the number of peltate trichomes decreases with
the expansion of the leaves (bracts).

It can thus be concluded with some certainty that the number and volume of peltate
glandular trichomes as well as their morphogenesis and consequently accumulation of
a-acids are greatly influenced by climatic factors.
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Empiric mathematical model for predicting the
content of alpha-acids in hop (Humulus lupulus L.)
cv. Aurora

Sinisa Sretecﬂ, Barbara (eh’, Tanja Savi¢ Ciler' and Alenka Ferlez Rus®

Abstract

The aim of this research is to find a simple mathematical model due to sum of effective temperatures and
rainfalls from second germination after spring pruning till the technolegical maturity of hop cones, in order
to achieve reliable prognosis of alpha-acids content in hop cv. Aurora. After mathematical analyses of
experimental data by Eurequa Formulize 0.96 Beta software 17 equations were offered, and after substituting
the values of dependent and independent variables in all equations only one equation was chosen with
p=0034 (p<005). This equation is not reliable in extremely drought year if crop evapotranspiration ETg in

Eurequa software

July is higher than 45, primarlly because of negative influence on formation and developrment of hop
glandular trichomes. Considering achieved results it is possible to suggest following general equation for
alpha-acids accumulation in hop: y=[(ki w) — k> - (ks W] = (~10) > £T, Juy £45. Where y is alpha acids
content in dry matter (%), x=sum of effective temperatures and w=sum of rainfals, both from second
germination after spring pruning till technological maturity of hop cones. Coefficients k,, k; and k; are
determined for cultivar Aurora (538, 453 and 133, respectively).

Keywords: Hop, Humulus lupulus L, Alpha-acids, Accumulation of alpha-acids, Empiric mathematical model,

Introduction

The alpha-acids are important quality parameter in
the hop industry since their production significantly
defines the global hop supply statistics (Pavlovic et al.
2008). The biosynthesis of hop secondary metabolites
is divided into three biosynthetic pathways A, B and
C, and biosynthesis of humulone or alpha-acids is the
final step of C pathway (Nagel et al 2008; Wang
et al. 2008). Accumulation of alpha acids is most
intensive in third and fourth week after hop flowering
(Wang et al. 2008). Mozny et al. (2009) found a posi-
tive impact of rainfall and a negative effect of
temperature on alpha-acids accumulation in Czech
Saaz hop cultivar, as well as Srefec et al. 2008 in
Aurora hop cultivar. On the other hand, Kudera and
Krofta (2009) found that the strongest impact on the
alpha-acid content was exerted by air temperatures in
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TKrifevel College of Agriculture, M. Demerca 1, HR-48260, Krifewcl, Croatia
Full list of author infarmation ks avallable at the end of the article

@ Springer

July and rainfall had significant effects during the
period from May to July, while in August the impact
of a rainfall was negligible. Pavlovi¢ et al. (2012)
found that the impact of weather parameters on the
alpha-acids in hops can be linked with the emergence
of certain phases of recorded phenomena in the plants,
which do not coincide in time with the dispensation
of each month. Generative bodies in the cultivar Aurora
begin to develop in the second half of June (week 26),
and the plant is in full blooming by the mid July
(week 28). These results stays in line with results of
Srecec et al. (2008) who found significant decrease of
alpha-acids accumulation if average daily reference
crop evapotranspiration in June is higher or equal to
4.5. Srecec et al. (2008) on the basis of results of lin-
ear and multiple correlations suggested a following
functional equation for accumulation of alpha acids
(equation 1).

© 2013 Setec et al, Licensee Springer. This is an Open Access article distributed under the terms of the Creative Commoans
Attribution License {(hitpfareativecommans.ong Aicerses/by/2. 0], which permiits unrestricted use, distribution, and repraduction
in any medium, provided the original work i properly cited.
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A = f(T:R; I)—A|7.41; 12.35]

:f(T(Z;:[IGOI,'M; 2000]):
R(Y L212.1;391.8]);

1(22[102?,23; 1229.6 1]))._.51'0[ V<45

1)

where:

— A — content of alpha-acids in dry matter (%)

— T - sum of effective temperatures from second
germination to hop harvest (°C)

— I — total hours of sun shining from second
germination to hop harvest

— F3 — second germination after pruning

— P9 — technological maturity of hop cones (harvest
time)

— ET,n — average daily reference crop
evapotranspiration in July (mm day ™)
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This equation, based on significant analytical data,
unfortunately does not allow reliable prognosis of alpha-
acids accumulation in technological maturity of hop
cones.

However, nowadays because of very high hop supply,
prognosis of alpha-acids accumulation become very
important in order to estimate the commodities. Thus,
the aim of this research is to find a simple mathematical
model due to sum of effective temperatures and rainfall
from second germination after spring pruning till the
technological maturity of hop cones, in order to achieve
reliable prognosis of alpha-acids accumulation in hop cv.
Aurora.

Materials and methods

Research was carried out on hop cv. Aurora planted in
hop garden in Croatia, near the village of Gregurovec
(close to Krizevei), during the six vegetation years (2001 —
2006, Srecec et al 2008). The soil type of examined hop
garden is an eutric pseudogley or eutric podzoluvisol
Content of physiological active phosphorus and pot-
ash, analysed by the AL-method, was medium. Aver-
age content of P,05; and K,O during the all six
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Results and discussion
After mathematical analyses of experimental data by
Eureqga Formulize 0.96 Beta software 17 equations were
offered (Figure 1).

After substituting the values of dependent and inde-
pendent variables in all equations enly one equation was
chosen with p = 0.034 (p<0.05) (equation 3).

53.8w — 453 — 1.33w?
¥y = X

(3)
Where:

y — alpha-acids content in dry matter (%)

x — sum of effective temperatures (°C) from second
germination after the spring pruning till technological
maturity

w — sum of total raifalls (mm) for the same period

However, that equation had to be refined by the
authors, due to the negative results obtained and shifting

the decimal point one space to the left (equation 4),
because fraction must be divided by -10 in order to
achieve reliable values.

_ 53.8w — 453 — 1.33u?
X

+ (—10) (4)

Reliability of equation (4) was checked by inserting the
values for the dependent and independent variables for
the ten-year period for Croatian agro-ecological
conditions (Table 1).

The results were tested also in agro-ecological
conditions of Zalec, Slovenia during the 2012 (Table 2).

It is obvious that the differences between calculated
and detected content of alpha-acids varied from 0.1 to
0.7, which is within boarders of repeatability (rys =0.2)
and reproducibility (Res= 1) for EBC 7.4 method (Anon
1998). However, this equation is not reliable in extremely
drought year, like the year of 2003 was. That confirms
results of Srecec et al. (2008), who found a negative
correlation, determined by Spearman’s rank correlation,
during the phonological phase of hop cones formation,
between average daily reference crop evapotranspiration
(ETy) in July and yield of hop cones, r,=- 075
(p <0.05), as well as between ET, and yield of alpha-
acids in the same period, r; =— 0.88 (p < 0.05). This is
also possible to explain with results of Pavlovi¢ et al
(2012), according to them, rainfall quantity from June 18
to July 22 shows the highest correlation with alpha-acid
contents and impact of rainfall begins to decline after
July 29. However, in time after July 29, the formation of
glandular trichomes starts and the positive Spearman'’s
rank correlations were found between the average
number of glandular trichomes and the content of

Page 4of 5

alpha-acids (r; =0.90; p=<0.05) and also between the
average volume of glandular trichomes and content of
alpha-acids (r, = 0.97; p<0.05) (Srecdec et al. 2011).
Finally, considering these results it is possible to
suggest following general equation for alpha-acids accu-
mulation in hop cv. Aurora (equation 5):

y= kaw) — ko — (ks w?) . (—10)+ETg sy <45

X

(5)

In case of Aurora hop cultivar coefficients k;, k» and
k3 are determined, which have to be determined for the
other hop cultivars.

Conclusion

Achieved results confirms the results of Srecec et al
(2008) and using the Eureqa Formulize 0.96 Beta
software allows reliable mathematical analyses but only
if linear and multiple correlations of experimental data
are previously provided. However, these results as well
as results of previous authors show that weather
conditions, during the hop vegetation have a stronger in-
fluence on accumulation of alpha-acids in technological
maturity of hop cones than soil conditions.
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Table 1 Reliability of mathematical model for accumulation of alpha-acids in hop cultivar Aurora in location of
Gregurovec, Croatia during the six vegetation periods (2001-2006%)

Cropyear Sum of effective  Sum of total ET,in Calculated content of alpha-  Analysed content of alpha- Difference (alpha
temperatures (°C) rainfalls (mm) July acids (%) in dry matter acids (%) in dry matter (mean) calc. - alpha analysed)
2001 16584 3937 425 109 116 07
2002 19321 4258 420 13 1.1 02
2003 19544 1752 55 25 687 - 42 (n/fn)
2004 1856.7 3985 428 102 100 02
2005 19208 4033 438 101 97 05
2006 18721 3820 442 92 93 a1

Provjera

* previous functional equation for accumulation of alpha acids based on the results of linear and multiple comelations between weather conditions and

accumulation of alpha acids described by Sredec et al. 2008 n/r - not reliable.

experimental years was 19.1 and 15.4 mg per 100
grams of soil, respectively. Content of humus in soil
was very low, only 1.48%. Fertilization was provided on
the basis of plant uptake for phosphorus and potash and in
three splits of nitrogen (50 + 70 + 50 kg/ha N on 20 May,
10" June and 5% July) in all 6 experimental years.
Meteorological data in Croatia were collected in Agro
Meteorology Station in Krizevci, placed five kilometres far
away from the hop garden.

Hop cones were sampled from the same plants each
year in the phenological phase of technological maturity.

The empiric mathematical equation achieved in Croatia
was checked in year of 2012 at the same cultivar grown in
completely different agro-ecological conditions in Zalec,
Slovenia. P;O; and K,O in the hop garden was 46.0 and
20.1 mg per 100 grams of soil, respectively. Content of
humus in soil was 2.9%. The soil is middle heavy, young
alluvial soil, poorly developed on sandy-gravelly deposits
of two rivers.

Meteorological data in Slovenia for year 2012 were
collected in Agro Meteorology Station at the Slovenian
Institute of Hop Research and Brewing placed near by
the hop garden.

Sum of effective temperatures, during the hop vegeta-
tion, for every experimental year, was calculated by the
following equation (2):

DminT + DmaxT N
Zq;"a'n'm temperaturs — f —-5C (2}

where:

DaminT - daily minimal temperature,
DimaxT - daily maximal temperature and

5°C is minimal temperature required for beginning of
hop vegetation.

The content of alpha-acids was determined by the
method of lead conductance value of hops, powder and
pellets prescribed by Analytica - EBC 74 (Anon. 1998)
and dry matter content by the method of moisture
content of hops and hop products prescribed by
Analytica - EBC 7.2 (Anon. 1998). The boarder of
repeatability (ro5) for method of lead conductance value
is 0.2 and the boarder for reproducibility (Ras) is1.

During the examined vegetation years in Croatia,
samples of hop cones were handpicked and analysed from
the same 35 plants, randomly chosen and marked in the
first research year of 2001 (Srecec et al 2008) in the same
hop garden, which means five control plots with seven
plants per each plot within the same hop garden. On the
other hand, samples of hop cones in Slovenia in year of
2012 were also handpicked, but sampled randomly from
different plants in the same hop garden.

Analyses of achieved analytical results were provided
by software Eureqa Formulize 0.96 Beta (Nutonian, Inc.).
Eureqa Formulize is a scientific data mining software
package that searches for mathematical patterns hidden
in data. Formulize's user interface is organized as a set of
seven tabs that correspond to the normal workflow
through the program, and user guide is organized
around those tabs (see: http://www.nutonian.com). In
mathematical analyses of experimental data sum of
effective temperatures and total rainfall were treated as
independent variables (marked as x and w variables)
and content of alpha-acids (%) as dependent variable
(y wvariable).

Table 2 Reliability of mathematical model for accumulation of alpha-acids in hop cultivar Aurora in location of Zalec,

Slovenia in 2012

Crop year Sum of effective  Sum of total ET, in  Calculated content of alpha- Detected content of alpha- Difference (alpha
temperaturas (°C) rainfalls (mm) July acids (%) in dry matter (mean) acids (%) in dry matter (mean) calc. - alpha detect.]

2012 17662 4004 42 108

102 06
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Hacking has been around as long as computers as a way to reconfigure or reprogram a

system to give access to someone who otherwise shouldn’t have that access. In the media any
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