
trifoliate orange appear promising. Trees on these stocks 
have performed well in other experiments (7, 8) and merit 
continued evaluation. Their lower yields in comparison to 

the larger trees could be compensated for by closer planting. 
Even though the trees were growing in a relatively fertile 

soil with a high organic matter content, a 10 or 12 x 20 ft 
spacing might have been more appropriate for the smaller 
trees. 

Two commercially important rootstocks, Carrizo and 

Swingle, were included in this experiment. Trees on these 
2 stocks appeared to be well-adapted to the local soil en 

vironment and performed similarly except for cold tolerance. 

As previously observed (10), trees on Swingle were more cold 
tolerant than those on Carrizo. 

Lemons are not likely to be a major crop in Florida. 

Nevertheless, it is evident that lemon tree vigor under 

Florida conditions can be reduced through the use of se 

lected rootstocks. Furthermore, the relative rootstock effects 

observed in this study may be similar with other scion cul-

tivars. 
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BACTERIA-INDUCED FREEZING OF YOUNG CITRUS TREES1 
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Abstract. Leaves of 'Valencia' trees (Citrus sinensis (L.) 

Osb.) on sour orange (C. aurantium L.) rootstock that were 

sprayed with ice nucleation-active (INA) bacteria started to 

freeze sooner than unsprayed leaves during freeze trials in 

a controlled-temperature room. Leaves sprayed with INA 

bacteria usually started to freeze before 23°F (-5°C), 

whereas unsprayed leaves remained in a supercooled freeze-

avoidance state. Moisture on the leaves during freezing tem 

peratures increased the risk of early freezing. Neither anti 

bacterial streptomycin sprays nor non-INA bacteria prevented 

the freezing associated with INA bacteria. Nonbacterial INA 

agents also were found to cause earlier freezing in citrus 

leaves. Data suggest that INA agents play an active role in 

minimizing supercooling (freeze avoidance) in agricultural 

crops during freezes in Florida, but do not yet support con 

cerns that INA bacteria are the major cause of freezing in 

citrus tissues during natural freezes. Additional and more 

detailed studies are needed to determine whether eliminat 

ing or controlling INA bacteria will significantly reduce freeze 

damage to citrus in Florida. 

There are bacteria in citrus plantings that decrease super-

iMention of a trademark or proprietary product does not constitute 

a guarantee or warranty of the product by the U.S. Department of Agri 

culture, and does not imply its approval to the exclusion of other 

products that also may be suitable. 

Proc. Fla. State Hort. Soc. 96: 1983. 

cooling (cooling below 32°F (0°C) without ice forming) 

and cause early freezing in plant tissues (1, 9). These ice 

nucleation-active (INA) bacteria are strains of Pseudomonas 

syringae van Hall and Enuinia herbicola (Lohnis) Dye that 

induce ice to form at temperatures as warm as 30°F (—1°C). 

This small amount of supercooling precludes any beneficial 

effects of supercooling in avoiding damage in citrus plant 

ings during natural freezes. Other researches (8, 12) have 

suggested that early freezing due to INA bacteria results in 

longer durations of ice in citrus tissues, which induces 

greater freeze damage. Citrus seemingly is not injured un 

til ice forms in the tissues. 

The importance of supercooling is not firmly established 

in citrus groves, but supercooling is probably the most 

energy-efficient freeze-avoidance mechanism that assures 

plant survival (4, 7). Supercooling is largely an unexplained 

and unpredictable event in the freezing of plants. Factors 

such as degree of vascular development (2), diameter of 

xylem vessels (3), and heterogenous nucleators (12) ap 

parently play a role. Temperature-and/or water stress-

induced cold-hardening regimes increase supercooling in 

citrus (14, 17, 20). But, supercooling does not segregate un-

hardened cold-hardy citrus types (18). The elimination or 

control of INA populations of bacteria supposedly would 

allow supercooling to develop and result in less freeze dam 

age to citrus. Bactericides and antagonistic non-INA bacteria 

are 2 approaches to control INA bacteria below critical 

population levels (8). 

The purpose of this study was to determine the activity 

of INA bacteria and other INA agents in freezing of citrus 

during controlled-temperature regimes. Interest was in de 

termining frequency of freezing, critical temperatures, effec 

tiveness of bactericides, and potential problem areas in citri 

culture. 
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Materials and Methods 

Test trials were varied to include different situations and 

INA agents. Trees were 'Valencia' orange (Citrus sinensis) 
budded on 10-month-old sour orange (C. aurantium) root-

stock grown from open-pollinated seed. Individual trees 

were grown in 2.5-liter plastic pots containing equal parts 

of sphagnum peat moss, vermiculite, and perlite, and were 

watered as needed under natural light in a greenhouse. 

Maximum light approached 1 x 103 microeinsteins/m2/sec 

(PAR) with maximum temperature 95 °F (35°C) and min 

imum 55% relative humidity during days, and minimum 

68°F (20°C) and maximum 97% relative humidity during 

nights. Trees of uniform growth and appearance were 

arbitrarily selected for tests 8 to 10 months after budgrafting. 

INA bacteria were slant cultures of P. syringae and E. 

herbicola and lypholized P. syringae (courtesy of Dr. S. Lin-

dow, Univ. California, Berkeley) and frozen broth cultures 

of E. herbicola (courtesy of Microlife Technics, Sarasota, FL 

33578). Slant cultures stored at 41 °F (5°C) were periodically 

subcultured on nutrient agar containing 2.5% glycerol. 

Bacteria populations were grown in nutrient broth with 

continuous agitation at 86°F (30°C) for 8 hr and stored at 

39°F (4°C) for 20 hr. Turbid broth cultures were centri-

fuged at 5,000 X g and bacteria pellets suspended in either 

150 ml sterile water, 0.1 M phosphate buffer (pH 7), or in 

nutrient broth. Spray concentrations were based on pour 

plate dilutions. Estimates of bacterial populations prior to 

test sprays were determined by immersing single leaves, 3 to 

5 per tree, each into 10 ml of sterile H2O, shaking for 30 

min on a vortex shaker, and making a series of pour plate 

dilutions. Similar samples were taken after test sprays im 

mediately before freeze tests. Frozen broth cultures of E. 

herbicola (Microlife Technics) were stored at —76°F 

(-60°C) and contained 2 x 1010 colony-forming units (CFU) 

per ml. These were diluted as needed with sterile water. 

Non-INA bacteria (coded, and also from Microlife Tech 

nics) were treated similarly and used in conjunction with 

agricultural streptomycin sulfate (17% streptomycin) to 

inhibit INA bacteria. Lyopholized P. syringae at 3.6 x 1010 

active ice nuclei per gram was used in 1% (w/v) freshly 

prepared aqueous suspensions. Similar suspensions were 

nonbacteria INA agents silver iodide, phenazine, and 

flurophlogopite (a synthetic mica, courtesy of Dr. 

C. Rajashekar, Univ. Minnesota, St. Paul). 

Spray volumes per tree ranged from 15 ml to runoff. 

Spraying prior to freeze tests ranged from 0.5 to 36 hr under 

greenhouse conditions, between 8 and 10 AM. Freezes were 

in dark and 50 ± 5% relative humidity in controlled-

temperature facilities (17). Induced freezing was determined 

visually as watersoaking in the leaves (19). The moments of 

freezing or threshold temperatures were based on instant 

release of latent heat of fusion during exothermic scans using 

36-gauge, copper-constantan thermocouples. Thermocouple 

leads were connected to digital multimeters (1 uv per digit 

resolution). Accuracy was rated ± 1 digit, less than 2 sec 

settling time. Reference junction was an insulated ice bath 

stable at 0 ± 0.2°F. Variable speed strip-chart recorders, 0 

to 100 mv, were connected to digital multimeters. 

Results and Discussion 

In general, trees sprayed with relatively high concentra 

tions of INA bacteria started to freeze before unsprayed 

trees. Earliest freezing induced was at 28°F (-2.2°C). The 

most noticeable differences in tests with INA isolates from 

California were in trials with Pseudomonas syringae (Fig. 

1). In these instances, the effectiveness of the bacteria was 

evident only when citrus leaf surfaces were allowed to dry 

after sprays and before freeze tests. Freezing of citrus leaves 
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with wet surfaces was similar regardless of INA bacteria. 

This reaffirms that frozen moisture on leaf surfaces is a very 

efficient ice nucleator. Leaves with dry surfaces supercooled 

to 24°F (—4.4°C), whereas wet leaves started to freeze at 

28 °F (—2.2°C). The number of trees starting to freeze after 

15 min at 24°F averaged 1 tree every 6 min for INA bacteria-

sprayed trees, and 1 tree every 18 min for control trees. This 

3-fold frequency increase attributed to INA bacteria is con 

sidered significant in the freezing of citrus trees at a con 

stant temperature. All of the 16 trees with INA bacteria were 

freezing after 2 hr at 24°F in contrast to 31% of the trees 

that were not sprayed with INA bacteria. Experience sug 

gests that most of the remaining 69% of unfrozen trees 

would start to freeze with longer duration at 24°F and some 

trees would supercool to 22°F (—5.5°C), and even to 20°F 

(—6.7°C) (16). Freeze avoidance at temperatures lower than 

20°F is infrequent and unpredictable in unhardened citrus 

trees. It is yet unclear whether such observations reflect INA 

agents such as bacteria on leaf surfaces and/or heterogenous 

nucleators within the cells of citrus. Similar results to those 

in Fig. 1 were also evident with Erwinia herbicola isolates 

from California (data not shown). 
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Fig. 1. Rate of freezing of 8-month-old potted 'Valencia' orange trees 

on sour orange rootstock with and without Pseudomonas syringae (Cali 

fornia isolate) ice-nucleation-bacteria (INA) (4 x 107 CFU/ml) during 

28 °F and 24 °F freezes for 2 hr each in con trolled-temperature tests 

with leaves wet and dry after 100 ml spray/tree 0 and 15 hr, respec 

tively, before free freeze trials. 

Erwinia herbicola from frozen broth cultures was an 

effective INA agent when concentrations reached 2 x 108 

CFU/ml and 15 ml were sprayed on each tree. Three days 

after such sprays in a greenhouse, none of 15 trees sprayed 

with E. herbicola escaped injury after 3 hr at 24°F (—4.4°C). 

Leaf kill was essentially complete at 98 ± 2%. In contrast, 

12 of 15 trees sprayed with water and 13 of 15 trees sprayed 

with media escaped injury, and the few trees that were in 

jured averaged less than 20% leaf kill. We were not able to 

inhibit the activity of INA E. herbicola with a strain 

(M232A) of a non-INA antagonistic bacterium. Concentra 

tions of 2 x 108 CFU/ml used alone on trees did not show 

any ice-nucleating activity, and activity of INA E. herbicola 

was similar with or without the non-INA strain regardless 

if sprayed immediately before or after INA E. herbicola 

sprays. All E. herbicola-spra.yed trees were freezing after 3 hr 

at 26°F (—3.3°C), while only 1 out of every 10 control trees 

was freezing after 5 hr. It is postulated by other researchers 

(8) that non-INA antagonistic bacteria would help keep INA 

populations below critical levels through natural competi 

tion for leaf surface area that otherwise would be colonized 

by INA strains. Supposedly, only 0.1 to 10% of the bacteria 

found on plant leaf surfaces harbor ice nuclei adequate to 
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Table 3. Moment of freezing in 0.05-ml droplets with and without ice nucleation active (INA) agents.* 

Comparison 

no. Agent Concn 

1% (w/v) 

000 MOSM 

2 x 108 CFU/ml 

000 MOSM 

1% (w/v) 

000 MOSM 

1% (w/v) 

000 MOSM 

1% (w/v) 

000 MOSM 

1% (v/v) 
000 MOSM 

1% (w/v) 

000 MOSM 

1% (w/v) 

000 MOSM 

424 MOSM 

000 MOSM 

642 MOSM 

000 MOSM 

Moment of 

freezing 

(OF) 

28.2 

21.2 
26.1 

21.4 

26.1 

21.4 

25.1 

21.0 

25.1 

21.4 

21.3 
21.3 

20.0 

21.3 

18.1 

21.3 

21.4 

21.3 

19.0 

21.0 

AT 

-7.0** 

-4.7** 

-4.7** 

-4.1** 

-4.7** 

-0.0 

1.3** 

3.2** 

-0.1 

2.0** 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

Flurophlogopite (INA) 

Water 

Erwinia herbicola (INA) 

Water 

Lyopholized Pseudomonas 

syringae (INA) 

Water 

Silver iodide (INA) 

Water 

Phenazine (INA) 

Water 

Nutrient broth 

Water 

Sucrose 

Water 

Proline 

Water 

Expressed sap 

Unhardened 'Valencia' 

leaves 

Water 

Cold-hardened 'Valencia' 

leaves 

Water 

^Comparison of means, n = 5; ** significant at 1% level, temperature decrease 9°F per hr, continuous temperature monitoring of drops on a 

suspended 45.7 cm2 x 0.6 mm thick copper sheet in controlled-temperature facility used to freeze whole plants. 

agents in citrus groves, the advantages and reliability of 

bactericides in freeze protection, the role of antagonistic 

non-INA bacteria, and the amount of supercooling and/or 

freeze avoidance in citrus groves. Considerably more defini 

tive studies on INA agents are needed in the field, along 

with basic work on the mode and mechanisms of freezing in 

citrus trees and fruit during natural freezes. 
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